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ABSTRACT

Author: Stanis, Shannon, P. MS
Institution: Purdue University
Degree Received: May 2018
Title: The Effects of Prescribed Fire on Overstory Tree Quality and Stand Volume in Eastern
Deciduous Forests
Committee Chair: Michael Saunders
The use of prescribed fire for ecosystem restoration presents numerous questions for
natural resource managers. One of these questions, the impact of prescribed fire on overstory tree
quality and stand volume, is explored here prospectively and retrospectively. A long-term study
is being installed in 20 oak-dominated stands across central and southern Indiana to monitor
effects of repeated prescribed fire on overstory tree quality. Prior to the initial prescribed fire, 20
average quality and 10 highest quality trees in each stand were measured for grade and defects
below breast height. Each prescribed burn is monitored with thermal paints and thermocouples at
variable heights on a subset of stems. Assessment of wounding from fire is also conducted two
growing seasons after each fire. Within the study’s founding two stands, 37 percent of sample
trees sustained fire damage (n = 59), but no trees had died or received a reduction in United
States Forest Service tree grade after two years. Additionally, fire scar formation on overstory
tree quality and stand volume was explored in 54 oak-dominated stands with variable prescribed
fire histories and aspects in southern Indiana. We measured fire scar size and frequency, then
quantified the residual stand volume and tree grade with and without deductions from fire scars
to determine the relative stand volume lost to prescribed fire damage. Generally, as the number
of prescribed fires in a stand’s history increased, more trees were scarred, the relative volume
lost increased, and more trees declined in grade. Aspect surprisingly appeared to have little effect
on the responses until a stand had four or more prescribed fires. Overall, relative volume lost was
less than 10%, and less than 3% of trees lost quality through any amount of prescribed fire.
Across both studies, prescribed fire had minimal impact on the volume and value of the timber
trees in this study. My research suggests that prescribed fire does not have as great of economic
impact to standing timber as generally perceived.
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INTRODUCTION

1.1

History and Ecological Role of Fire in Eastern North America

The presence and absence of fire as a disturbance agent has continuously influenced the
biotic species composition of North America. In the eastern portion of the North American
continent, forests have been dominated by oak (Quercus) species for the last 10,000 years
(Abrams, 1992). This continued dominance has been attributed to periodic, low intensity surface
fires prescribed by Native Americans and to the numerous adaptations oak species have to fire,
as synthesized in the Refined Fire-Oak hypothesis (Abrams, 1992; Larsen and Johnson 1998;
Brose et al. 2001; Nowacki and Abrams, 2008; Arthur et al. 2012). These forests are undergoing
a compositional change as the regeneration layer is dominated by more mesic species, primarily
maple and beech (Acer and Fagus), as fire has been removed from the landscape in the last 100
years (Abrams, 1992; Nowacki and Abrams, 2008). The reintroduction of fire into these systems
as a management technique raises many questions about how fire will impact natural resource
acquisition in the form of forest products, specifically timber production.
The indigenous people of North America used fire as a land management tool to facilitate
their livelihood for thousands of years prior to European colonization (Brose et al., 2001). Native
Americans understood and cultivated fire to meet a variety of management objectives including
increasing fruit production, exposing acorns and chestnuts for easier collection, prepping sites for
agricultural planting, controlling pests, creating early successional habitats to support and
concentrate species for hunting, and fire proofing settlement communities (Brose et al., 2001). In
general, the fires prescribed by Native Americans in forested areas were periodic and low
intensity set in the spring or fall seasons (Brose et al., 2001). Fire intervals specific to southern
Indiana just before American colonization (1650-1850 CE) are estimated to be between four to
eight years (Guyette et al., 2012).
The Refined Fire-Oak hypothesis has synthesized numerous adaptations oak species have
to fire throughout their lifecycle to explain their prolonged dominance as canopy species
throughout eastern North America. For mature trees, fire releases nitrogen into soils that increase
flowering and acorn production (Arthur et al., 2012). Fire prepares the seedbed by decreasing
deep litter layers that can prohibit root penetration (Arthur et al., 2012). Acorns often germinate

2
below the soil surface and allocate carbohydrates to develop a large root system that allow for
resprouting and survival after a top-kill (Brose and Van Lear, 2004). Fire can reduce light and
other resource competition for developing seedlings by top-killing saplings and midstory trees of
shade tolerant species that do not share the same tolerance for repeated top kill (Arthur et al.,
2012; Brose et al., 2013). The thick bark of mature, large oaks and superior ability to
compartmentalize wounds protect adults from rot and mortality (Smith and Sutherland, 2001).
These adaptations, among others, helped oaks thrive as a principle overstory species while other
species could not handle the heat of thousands of years of repeated prescribed fires set by Native
Americans.
European colonization in eastern North America resulted in drastic ecological
consequences by changing land use and, importantly, fire regime cultivated by the indigenous
peoples. In the mid-18th and early 19th century, colonists began widespread deforestation to
exploit timber resources and clear land for agriculture. Their intense timber harvesting practices
created large amounts of dried slash. This slash would easily and frequently ignite by sparks
from timber transportation and processing equipment (Brose et al., 2001). Other colonists were
clearing land for agricultural using the slash and burn technique that led to fires escaping into
undesired areas (Fralish, 2004). The behaviors of these accidental fires starkly contrasted with
those prescribed by the Native Americans in forested areas. Colonist fires were intense and
difficult to control, frequently, destroying entire stands of trees. Forest managers soon disdained
fire and implemented a fire suppression policy on all federal lands (which was mirrored on many
state-owned and private properties) beginning in the early 1900s to protect future timber
resources (Brose et al., 2001). These policies also prevented prescribed fires for ecosystem
management (Brose et al., 2001).
The removal of fire as a disturbance agent via active fire suppression policies has had
drastic unexpected ecological consequences through trophic cascades on the composition and
structure of communities plaguing our ecosystems today (Nowacki and Abrams, 2008). Open
landscapes like prairies, grasslands, savannas, and woodlands are maintained by periodic surface
fires and are composed of fire-adapted and heliophytic species. These once-common ecosystems
have been significantly reduced by conversion to other uses for American expansion. Remaining
habitats have succeeded to closed canopy forests in the absence of fire (Hanberry et al., 2012).
Currently, the understories of these forests are dominated by late successional, more mesic
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species such as maple and beech as the communities succeed to the climax successional stage
(Nowacki et al., 1990; Abrams, 1992).
Nowacki and Abrams (2008) define the process of “mesophication” as when the
prolonged lack of fire introduces fire intolerant species that create environmental conditions that
reduces or prevents future fire from occurring within an ecosystem. For example, regenerating
mesic species densely shade the forest floor and block sunlight for regenerating shade intolerant
mid-successional (oak) species. This shade also creates moist and cool microclimates that are
less conducive to fire. The fuels (leaves and downed woody debris) produced from late
successional species have lower resistance to decay and flammability than mid-successional
species and consequently do not carry fire throughout a landscape. The species composition and
environmental variables escalate within feedback loops until the habitats created by the mesic
species completely prevents regeneration of mid-successional species. This process explains the
widespread lack of advanced oak regeneration in eastern North American forests (Nowacki and
Abrams, 2008).

1.2

The Importance of Quercus

The mesophication of eastern North America is of ecological, environmental, and
economical concern. Ecologically, oaks are a foundational genus, as they control many
ecosystems processes affecting abiotic conditions and community structure (Hanberry and
Nowacki, 2016). Oaks are also considered a keystone species because they support high species
richness and biodiversity (Fralish, 2004). Over 90 vertebrate species rely on oaks for
nourishment, with a trophic cascade of species that in turn rely on those 90 species for livelihood
(Fralish, 2004). For example, oaks support higher caterpillar species richness and abundance
than American beech (Fagus grandifolia) and sugar maple (Acer saccharum) (Summerville et
al., 2003). The open structure of oak woodlands allows high sunlight to reach the forest floor and
support a diverse array of flora and fauna (Hanberry and Nowacki, 2016). In contrast, oak forests
with dense understories of advanced regeneration of sugar maple saplings, far along the
mesophication process, have increased ground litter, decreased photosynthetically active
radiation, and 90% less herbaceous species diversity (Fralish, 2004).
Environmentally, oak species are important in consideration of rapid climate change
(Iverson et al. 2008; Matthews et al. 2011; Prasad et al. 2014). Oaks evolved and became
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dominant during the warm and dry periods of the last epoch and, consequentially, may be better
adapted in the face of warmer climates (Abrams, 1992; Larsen and Johnson 1998; Iverson et al.
2008; Matthews et al. 2011; Prasad et al. 2014). Oak and hickory are adapted to grow in low
moisture levels (Fralish, 2004; Larsen and Johnson 1998) which may be helpful with potential
regional increases in drought severity (Iverson et al. 2008; Matthews et al. 2011; Prasad et al.
2014). Oak-hickory forests have more productive growth in open light environments than beechmaple (Fralish, 2004) and have the ability to sequester large amounts of carbon in living biomass
and in long lasting wood products (Deckmyn et al., 2004).
Economically, Indiana forests alone contribute over $9 billion annually to the local state
economy through manufacturing, recreation, and forest product sales. Forest-based
manufacturing for wood products employees over 54,000 people throughout the state
(Bratkovich et al., 2004). A vast majority (71%) of Indiana’s 4.9 million acres of forests have
overstory compositions of oak-hickory (Gormanson and Kurtz, 2017). White and northern red
oak (Q. alba, Q. rubra) are considered premium hardwood lumber species with high economic
values of $1,655 and $1,110 per thousand board feet (MBF) respectively for green, 1-inch thick
FAS lumber, as of May 2017 (Settle et al., 2017). The value of green, 1-inch thick FAS lumber
for mesic species is lower at $560 for American beech, $1,080 for hard maple (sugar), but
slightly higher for soft maple (red [A. rubrum] and silver [A. saccharinum]) at $1,230 (Settle et
al., 2017). The transition of oak-hickory forests to mesic forests would result in lower valued
stands throughout Indiana and decrease Indiana’s influence within the global premium hardwood
production market, particularly for oak veneer production.
As the negative effects of long term fire suppression are realized, federal, state and nongovernment agencies have sought to restore ecosystems via increased use of prescribed fire over
the last 30 years (Dey and Schweitzer, 2015). However, the anti-fire attitude and concern about
damage to timber resources remain strongly held by many landowners and managers. It is
understood that fire, particularly wildfire, can wound trees, but the scientific literature is just
beginning to explore the effects that lower intensity, prescribed fires have on standing timber.

1.3

Past Research Efforts on Prescribed Fire Damage to Overstory Trees

The terminology and biology of fire scar formation on trees has been explored and
utilized in numerous dendrochronological studies. Following injury, most tree species are
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effective at compartmentalizing wounds and isolating the spread of decay (Shigo, 1984). Fire
scars are wounds that form specifically when heat from fire kills a section of the vascular
cambium (Smith and Sutherland, 2001). When a tree is wounded by fire or another abrasive
agent, the cambium quickly responds by producing a thin layer of specialized cells impervious to
most wood- and bark-inhabiting fungi and bacteria. These cells form a barrier zone for protection
against pathogens and parasites that disrupt biological functioning and mechanical support
(Shiago, 1984). Once the barrier zone is set, trees initiate wound closure to connect the
unaffected cambium with reestablished cambium after the injury (Smith and Sutherland, 2001).
A callus pad is formed over the barrier zone from living wood parenchyma and phloem cells that
will, over time, form new cambium (Shiago, 1984). At the margins of the dead cambium, cell
division is enhanced and creates woundwood. Woundwood reduces mechanical stress while the
tree is healing and continues to grow until the new cambium and uninjured cambium are
connected and the wound is closed. The newly connected cambium will produce new wood and
phloem as the tree grows undisrupted and protected from infection (Smith and Sutherland, 2001).
The time for woundwood closure is dependent on the width of the wound, but can occur as
quickly as one year for very small wounds (Stambaugh et al., 2017). The state of the closure of
the wound determines its characterization. A seam is formed when the ribs of woundwood from
both sides of the injury meet (Smith and Sutherland, 2001). While the ribs are still growing
toward one another and have yet to meet, the wound is classified as “open”. If the open wound is
triangle shaped with injured cambium at the base of the tree, the wound is called a “catface”. If
the open wound is rounded, with intact cambium at the base of the tree, the wound is classified
as an “oval”. The characterization of wounds and the associated bark scorch as outward fire
indicators are helpful in understanding the mechanical effects and estimating realistic economic
effects of prescribed fire on trees.
The earliest study on the economic effects of prescribed fire on overstory trees was
conducted by the Forest Service. Loomis (1974) destructively sampled 253 oak trees with
wounds from 6-87 years after both prescribed fire and wildfire and determined value and volume
loss from fire damage. The trees in the study were graded twice for value, once with regards to
all fire damage and once again ignoring any fire damage, to estimate differences in tree quality
due to fire. Loomis created predictor equations for lumber value loss, volume loss, cross
sectional area scalable defect, and length of scalable defect using independent variables of
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diameter at breast height (DBH) at time of injury, wound length, wound width, and wound age.
Wound length was the best predictor for all variables. Most notably, Loomis (1974) found that
pole-sized and small sawtimber-sized trees had the most volume and quality loss, while larger
sawtimber-sized trees had most of their fire defects removed in the slab during the sawing
process. Economic loss for larger trees was consequently minimized.
In a similar study, Stambaugh and Guyette (2008) surveyed 58 oak trees with varying
histories of prescribed and wildfire in the Missouri Ozarks. They also graded the butt logs of
these trees twice, with and without fire damage, and found that grades did not consistently
change because of fire damage. One quarter (2/8) of scarlet oaks (Q. coccinea) decreased in
grade, while only 18% (4/22) of black oaks (Q. velutina; only one specifically from prescribed
fire) and 14% (4/28) of white oaks decreased in grade. Log volume deductions were taken from
defect volume measurements taken from cross sections and predictive equations were made for
percent of log in defect and volume of defect. Overall, Stambaugh and Guyette (2008) found
minimal wood decay and, subsequently, minimal volume and value losses from prescribed fire.
They confirmed the findings of Loomis (1974) where scars on larger trees were less impactful on
wood quality and volume changes.
Marschall et al. (2014) milled several red oak trees with a 14-year history of prescribed
fire in the Missouri Ozarks into lumber. Again, they found minimal volume and value losses
with individual tree volume loss at 3.9% and value loss at 10.3%. Fire scars less than 50 cm in
height on the bole and less than 20% of the circumferences of the tree were unlikely to
experience any value loss. If a scar exceeded these sizes, they hypothesized that volume loss
could be minimized by an earlier harvest. Like previous studies, large trees frequently had
defects removed in the milling process. Marschall et al. (2014) also reported that trees that lived
through old wildfires had scars contained in the square cant when milled, which minimized the
economic impact of the scar on the lumber.
Wood (2010) examined oak stands with increasing amounts of wildfires (0-6) in the
Cabwaylingo State Forest in West Virginia. They measured height of fire defects, estimated the
percentage of the log in defect from wildfire damage, and then calculated the volume lost to
wildfire defects. Wood (2010) found that net volume of the stand decreased and damage due to
cull increased as the number of wildfires increased. When they derived the stand-level stumpage
values from stand volumes, Wood (2010) found lower values per acre as the number of wildfires
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increased. This study illustrates how consumptive wildfires can be on timber in contrast to the
studies on prescribed fire.
While most previous studies focused solely on Quercus sp., Wiedenbeck and Schuler
(2014) investigated fire effects on co-occurring mesic species. They milled red maple, red oak,
white oak, and tulip-poplar (Liriodendron tulipifera) trees with prescribed fire scars from the
Fernow Experimental Forest in the central Appalachian Mountains. The trees were harvested 7-8
years after the first prescribed fire and 5 years after the second prescribed fire in the stand. Only
13% (10/79) of trees had enough fire damage to reduce tree grade or volume; seven of those
trees were red maple species, 2 were red oak and 1 was white oak (n = 79). The only wound type
to cause grade reduction was a large catface, but notably, this reduction was not consistent as 3
separate large catfaces on red maple did not reduce grade or scale. Cull deduction ranged from
10-30% (average of 18%). When examining the boards sawn from wood directly under the fire
scars, species differed in lumber grade. Tulip poplar had 90% of first boards and 95% of second
boards clear of defects associated with fire scars. Percentage of first and second boards clear for
white oak were 47% and 57%; red oak 47% and 45%; and red maple 33% and 37%, respectively.
In sum, the log value loss for each of the species averaged less than 0.25% of overall value.
Overall, value and volume losses were minimal, but red maple was found to be significant more
prone to tree or scale reduction damage than other species. This study also highlighted that
prescribed fire damage can be contained in the portion of the log lost during the milling process
when trees are harvested within ten growing seasons after a low intensity prescribed fire.
Lastly, Knapp et al. (2017) surveyed trees (>9.5 inches DBH) with a very long history of
prescribed fire (annually and periodically burned) within a study that began in 1949. They
measured fire scar occurrence then used the formulas developed by Marschall et al. (2014) to
determine losses to volume, and found minimal losses to the butt logs for scarred trees, 9% in
annual burn plots and 3.2% for periodic. Knapp et al. (2017) corroborated previous studies where
not every tree is scarred by fire and not all scarred trees had losses. Over half (54.8%) of trees
were damaged in the periodic plots, while only 4.8% of trees were damaged in the annual plots.
Summed across the entire stand, value loss of butt logs was only 0.5% with annual fire and 2%
with periodic fire; percentage loss was even less when considering the entire merchantable tree.
Burned stands had lower value than control stands largely due to a shift in species composition;
burned stands had more post oaks, which are a lower valued species than red oak. Therefore in
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the western Central Hardwoods, frequent prescribed burning can affect stand timber values more
through changing stand structure, rather than stem damage losses.

1.4

Objectives of this Thesis

These foundational studies have all concluded timber volume and value losses from
prescribed fire are much less severe and drastic than commonly believed. As 84% of forested
land in Indiana is privately owned (Gormanson and Kurtz, 2017), it is important that prescribed
fire become an acceptable tool for management of private lands. Landowners and managers need
realistic expectations for the effects of prescribed fire on timber quality and quantity to combat
the current stigma of fire. More large, regional studies conducted to gather this information are
needed.
In this thesis, I will expand the body of knowledge concerning the effects of prescribed
fire on overstory trees. In Chapter 2, I describe a long-term study to prospectively monitor fire
scar formation on mature trees in relationship to topography, and provide preliminary, short-term
results on two sites. In Chapter 3, I retrospectively examine 24 years of prescribed fire history in
oak stands in the Hoosier National Forest to investigate what fire scars have formed and how
those wounds have affected the volume and value of the overstory trees at the stand level.
Specifically, my objectives are:
1. Install a long term study to monitor fire scar formation and residual overstory tree grade in
response to repeated prescribed fires.
2. Quantify the relative stand level volume lost and changes in overstory tree grade relative
to prescribed fire frequency and aspect through retrospective analysis of previously burned
sites.

1.5

Research Questions, Hypotheses, and Predictions

1. How do environmental variables (aspect) influence fire intensity?
Hypothesis: Aspect of the stand will influence fire intensity (via temperature).
Prediction: Drier (south facing) aspects will have higher fire intensity.
I investigate this research question in chapter 2.
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2. How do tree species differ in their wounding response to prescribed fire?
Hypothesis: Differences in species physical characteristics (bark thickness) will influence
the frequency of fire damage
Prediction: Thicker barked species will have less frequent fire damage than thinner barked
species.
I investigate this research question in chapter 2.

3. How do environmental variables (aspect) influence damage to overstory trees during a
prescribed fire?
Hypothesis: Aspect of the stand will influence overstory tree damage.
Prediction: Drier (south facing) aspects will have more frequent damage to overstory trees.
I investigate this research question in chapters 2 and 3.

4. How does repeated prescribed fire influence the proportion of trees damaged in a stand?
Hypothesis: Repeated prescribed fire will influence the proportion of trees damaged in
stand.
Prediction: As the number of prescribed fires in a stand increases, the proportion of trees
damaged will increase.
I investigate this research question in chapter 3.

5. What effect does repeated prescribed fire have on overstory tree grade?
Hypothesis: Repeated prescribed fire will not have an effect on overstory tree grade.
Prediction: Trees of high (Veneer, Prime, grade 1) and low grade (grade 2 and 3) will
remain constant in their grades after repeated prescribed fires.
I investigate this research question in chapter 3.

6. What effect does repeated prescribed fires have on timber volume of commercially important
hardwood species?
Hypotheses: The number of prescribed fires will affect stand timber volume.
Prediction: As the number of prescribed fires increases, the relative stand timber volume lost
to fire damage will increase.
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I investigate this research question in chapter 3.
7. What effect does stand aspect in a prescribed fire have on timber volume of commercially
important hardwood species?
Hypotheses: The stand aspect will affect stand timber volume during a prescribed fire.
Prediction: As aspect becomes drier, the relative stand timber volume lost to fire damage
will increase.
I investigate this research question in chapter 3.
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2.1

Abstract

A long-term study of the effects of repeated prescribed fire on overstory tree quality is
being installed in 20 oak-dominated stands across central and southern Indiana. Each stand is
managed with even-aged regeneration systems and designated to receive prescribed fires on 4-5
year cycles until final harvest. Prior to the initial prescribed fire, 20 average quality and 10
highest quality trees in each stand were measured for grade and defects below breast height.
Each prescribed burn is monitored with thermal paints and thermocouples at variable heights on
some stems. Trees are revisited soon after each prescribed burn to measure initial scorch height.
Assessment of wounding from fire is also conducted two growing seasons after each fire. Here,
we report on the first post-burn assessment of trees within two stands of this study. Although 37
percent of sample trees sustained fire damage (n = 59), no trees had died or received a reduction
in United States Forest Service tree grade after two years.

2.2

Introduction

Prescribed fire is increasingly used in eastern hardwood forests to meet multiple
management objectives. For example, prescribed fire is sometimes used to promote regeneration
of oaks (Quercus spp.) within shelterwood systems since alternative even- and uneven-aged
regeneration methods commonly fail (Brose et al., 1999; 2013). Many managers, however,
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hesitate to implement prescribed fire due to a perception that fire injury to overstory trees lowers
the quality and volume of timber (Dey and Schweitzer, 2015). This perception is likely based on
research into wildfire damage (Loomis, 1973; Nelson et al., 1933; Wood, 2010). Wildfire and
prescribed fires are not the same. Managers prescribe fire only in conditions that lead to much
lower intensity burn than would occur during a wildfire. These fires generally have lower flame
lengths and are more spatially variable in coverage and intensity, leaving some trees without any
visible sign of damage. In fact, foundational work on the effects of prescribed fire on oak timber
suggests minimal volume and economic losses occur if harvested within 5 to 15 years of the fire
(Marschall et al., 2014; Stambaugh and Guyette, 2008; Wiedenbeck and Schuler, 2014).
Yet land managers need a more accurate and reliable understanding of the effects of
prescribed fire on timber quality across a range of site conditions and species, and with varying
intensities and timings of prescribed fires. Beginning in 2014, we installed a long-term
monitoring study on 20 stands in southern Indiana to correlate prescribed fire behavior with fire
scar formation on multiple species groups, from the inception of a periodic, site preparatory
prescribed fire regime until final harvest of the overstory trees 10-20 years later. Here, we
describe the study methodology and report initial responses of overstory trees in two stands that
received the first round of prescribed fires. We hypothesize that topography of the stand will
influence fire intensity (i.e., maximum temperature). We predict that prescribed fire intensity will
be higher on drier, south-facing aspects and that trees on these aspects will have more frequent
damage. We also hypothesize trees species will differ in their incidence of fire damage.

2.3

Methods

2.3.1 Study Sites
The study is located on both the Hardwood Ecosystem Experiment (HEE), within the
Yellowwood and Morgan-Monroe State Forests near Bloomington, Indiana; and the Naval
Surface Warfare Center Crane Division (NSWC-Crane) in Martin County, Indiana. The HEE is a
long-term, landscape-level experiment designed to study the ecological, economic, and social
impacts of various timber management practices in Indiana (Swihart et al., 2013), whereas
NSWC-Crane is part of a long-term experiment testing the efficacy of hybrid silvicultural
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systems to regenerate oak species and to increase structural variability and ecological resiliency.
Both experiments use prescribed fire as a management tool to promote oak regeneration.
2.3.1.1 HEE
The HEE is located within the unglaciated Brown County Hills Section of Indiana’s
Highland Rim Natural Region. Homoya et al. (1985) characterize the region as deeply dissected
uplands, underlain by siltstone, shale, and sandstone with well-drained, acidic, silt loam soils in
the Berks-Gilpin-Weikert association. Upland communities are dominated by oak-hickory
species (Quercus-Carya), specifically black oak (Q. velutina), white oak (Q. alba) and shagbark
hickory (C. ovata), with chestnut oak (Q. prinus) on the more xeric sites. Greenbriar (Smilax
spp.), low growing shrubs (e.g., Gaylussacia baccata and Vaccinium vacillans), and sedges are
characteristic to the region. Small, high gradient ephemeral streams are common throughout and
larger streams are primarily medium to low gradient. Mesic north- and east-facing slopes and
ravines are commonly dominated by tulip poplar (Lirodendron tulipifera), red oak (Q. rubra),
American beech (Fagus grandifolia) and sugar maple (Acer saccharum). Dry ridges generally
have lower herbaceous species richness compared to mesic sites (Jenkins, 2013). There is low
incidence of surface fires on these sites within the last 50 years (Personal communication. Jim
Allen. 2015. Property Manager, Yellowwood and Morgan Monroe State Forest, 772 South
Yellowwood Road, Nashville, IN 47448); therefore, most sites have a predominant midstory of
sugar maple, beech and other more shade-tolerant species.
The HEE is comprised of nine 800-1000 acre management units, each with a central 200
acre research core. Units were randomly assigned one of three management regimes: even-aged
either using silvicultural clearcuts or two-/three-stage shelterwoods; uneven-aged using singletree selection and several 1.0-5.0 acre patch cuts; or no harvest as an experimental control.
Prescribed fire is implemented on four, approximately 10 acre stands within each even-aged
management unit. Initial prescribed fires occurred in two stands in spring of 2015; these will be
repeated on a 4-year rotation with the goal of burning stands three times before either a
silvicultural clearcut or shelterwood harvest in winter 2027-28. Additional stands have been
burned in fall (October-November) and spring (March-April) burn seasons every year since.
Over time, these prescribed fires should reduce midstory density and forest floor thickness,
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expose mineral soil, and eventually lead to a pool of advanced oak regeneration prior to
overstory harvest.
2.3.1.2 NSWC-Crane
The NSWC-Crane was established by the U.S. Navy in 1941 on abandoned farms,
pastures and small woodlots; soon after, in the 1950s, active management began to restore the
forest and control erosion caused by farm abandonment and the base construction (Osmon,
2013). The NSWC-Crane lies within the unglaciated Crawford Upland and Escarpment Sections
of the Shawnee Hills Natural Region and is characterized by rugged sandstone or sandstonecapped hills and rockhouses with underlying limestone features occasionally exposed (Homoya,
Abrell, Aldrich, & Post, 1985). Soils are commonly well-drained, acidic silt loams in the
Wellston-Zanesville-Berks Association (Homoya et al., 1985). Species composition is similar to
the HEE, although a bit more xeric, with black, white, chestnut, scarlet (Q. coccinea) and post
(Q. stellata) oaks, and pignut (Carya glabra) and shagbark hickories. More mesic sites will
include American beech, tulip poplar, red oak, sugar maple, and black walnut (Juglans nigra).
Also like the HEE, sugar maple, beech other shade-tolerant shrub and tree species form a
persistent midstory in most stands.
The NSWC-Crane experiment consists of twenty 15-25 acre stands, comprising four
replicates of five different silvicultural treatments: i) a two-stage expanding group shelterwood;
ii) a three-stage expanding group shelterwood; iii) a two-stage expanding group shelterwood
with prescribed fire; iv) a three-stage expanding group shelterwood with prescribed fire; and v)
an unharvested, unburned control. Stands are managed on a 100-year rotation with a 10-year
cutting cycle, but cut only during the first half of the rotation. During these entries,
approximately 20 percent of the area receives overstory harvest (either 50 percent or 90 percent
basal area removal), with additional areas receiving mechanical midstory removal cuts, and/or a
final overstory removal cut depending on cycle. Prescribed fire is used in iii) and iv) on a 5 year
return interval with goals similar to the HEE, i.e., to reduce density of midstory and other
understory competitors and improve seed bed characteristics for accumulation of oak
regeneration prior to final overstory harvest. Fires in the NSWC-Crane study occur only in the
fall burn season (November-December) and began in 2014 on the first replicate of the study.
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2.3.2 Design and Field Measurements
Within each stand of both experiments, an 82 ft x 82 ft grid is installed with unique
names and GPS locations for grid points. Twenty randomly-selected grid points, hereafter
referred to as fuel points, are monitored for the effects of prescribed fire on dead and live fuels as
it relates to fire intensity and consumption. A tree of “average” quality (AQ tree) is randomly
chosen near each fuel point (within 39.4 feet) prior to the first prescribed fire in the stand. The
tree must meet the following characteristics: 1) be an oak, hickory, maple or tulip poplar species;
2) be greater than 10 inches diameter at breast height (dbh) and have the potential for
commercial product (i.e., not obviously cull); and 3) be single-stemmed in the first 16 feet of
height. In addition, 10 “high” quality trees (HQ trees) are selected across each stand independent
of the grid points. These trees are deemed to be of the highest economic value of all stems in the
stand; they are commonly, but not always, large white oak and of USFS tree grade 1 (Hanks,
1976; Miller et al., 1986), externally viewed as marketable prime lumber or veneer stumpage.
GPS location, dbh, strata, species, condition (e.g., live, leaning, broken tops, etc.), and
USFS tree grade are recorded for each tree. All wounds below breast height are recorded by
measuring the position on the stem, size, and type (seams, cankers, old branch stubs, etc.). A
picture of each tree is taken from plot center (for AQ trees) or 33 feet from the south side of the
tree (for HQ trees). Close-up pictures of each wound are also taken. Height of bark discoloration
(i.e., scorch height) on trees is recorded within 3 days after a prescribed fire.
Timber quality is reevaluated through a damage and wound assessment two growing
seasons after a prescribed fire, and again just prior to each prescribed fire. During these
assessments, we follow the language outlined by Smith and Sutherland (2001) where damage is
an actual or perceived loss of property, value, or usefulness, while injuries are an impairment or
loss of function. Wounds are a type of injury with a physical disruption of living tissues and are
considered damage, as wounds may lower the volume, grade, and/or value of the resulting timber
product (Rast et al., 1973). Bark discoloration indicates that a tree has been through a fire and
may indicate the tree has sustained an injury (Smith and Sutherland, 2000). Therefore, we also
view bark discoloration as damage, as trees with indictors of fire are commonly assessed with
less value by timber buyers.
Any newly acquired wounds are categorized as caused by fire (bark slough, catface,
seams, ovals, decay fungus), not caused by fire (no darkening of bark on or near wound), or
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other (previously missed, previously hidden by bark but now exposed). Bark slough is dead bark
disconnected from the bole of the tree. Catfaces (triangle-shaped, open at base of tree) and ovals
(oval-shaped, closed a base of tree) have distinct wound ribs (thickened rings produced by
cambium in response to injury). From most to least severe, bark discoloration is categorized as
burn, char, or scorch (sensu Nelson et al., 1933; Loomis, 1974). Burn is bark entirely blackened
even within the bottom of bark fissures, and at least partially consumed on the tops and edges of
ridges. Char is blackened bark without significantly reduced ridges, with sharp edges intact, and
fissure bottoms lightly browned or not discolored. Scorch is bark with ridges browned or
incompletely blackened, discontinuous pitting of bark ridges, and non-blackened fissures. New
pictures are taken of each tree and all wounds and damage at each measurement. Trees are
graded again with consideration to both old wounds and any newly acquired damage, fire or
otherwise.
2.3.2.1 Fire Monitoring
Each prescribed burn in a stand is monitored in several ways. Fire intensity (i.e.,
maximum temperature) is measured using two pyrometers built on aluminum tags with six types
of Tempilaq G® thermal indicating liquids (175°F, 250°F, 325°F, 400°F, 600°F, and 800°F) at
each grid point in the stand; they are collected and read within a day after the burn. Fire duration
and temperature are measured with a type K thermocouple attached to a 1-channel HOBO
datalogger (model US100-014M) deployed at each of the 20 fuel points in each stand and set to
record temperature every 3 seconds during the burn. Lastly, initial fire effects are captured using
a visual estimate of average tree scorch height (<1 feet, 1-2 feet, 2-4 feet, 4-6 feet, 6-8 feet, 8-10
feet, >10 feet), percent charred litter surface (to nearest 10 percent) and percent mineral soil
exposure (to nearest 10 percent) at each grid point. Together, these data provide a spatiallyexplicit model of fire characteristics across the entire stand.
To better capture fire effects on sample trees, aluminum pyrometers are installed on the
uphill and downhill sides of each AQ and HQ tree. Thermocouples are attached to the bole of
five randomly selected AQ trees and five randomly selected HQ trees in each stand at heights of
approximately 1 feet, 3 feet, 5 feet, and 7 feet, perpendicular to the slope. These thermocouples
are attached to a 4-channel HOBO datalogger (model UX120-014M) to record every 3 seconds
during the burn.
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Weather conditions (temperature, windspeed, general wind direction, humidity, days
since last rain) at time of ignition and fire ignition pattern are recorded using standard protocols
for fire in the region.

2.4

Analysis

Here we analyzed two-year data collected from two stands that first received a prescribed
burn in this study. Differences between average pyrometer temperatures between the two stands
were tested using a Welch two-sample t-test, while differences in the frequency of fire damage
(of any type or severity) on AQ trees (1) between the two stands and (2) between tree species
groups were tested using chi-square (χ2) tests. For the latter, we defined five species groups: (i)
red oak – northern red and black; (ii) maple – sugar and red; (iii) white oak - chestnut and white,
(4) pignut hickory, and (5) tulip poplar. We also tested for differences in frequency of fire
damage between units for the HQ trees using a χ2 test.
To determine the relationship between fire temperature and observed AQ and HQ tree
damage, we conducted logistic regressions with presence of fire damage on a tree (of any type or
severity) as the response variable and pyrometer-derived fire temperature at the tree as the
predictor variable. If a pyrometer did not detect fire at the tree (i.e., the 175°F did not melt), an
ambient temperature of 80°F was used for these regressions. All tree grades were unchanged
following prescribed burns and therefore no analysis of tree grade was conducted. All analyses
were conducted in R 3.1.4 (R Core Team, 2017) and, for all tests, we set alpha at 0.05.

2.5

Results and Discussion

2.5.1 General Fire Conditions
The Indiana DNR Division of Forestry – Fire Headquarters implemented the first
prescribed fires of the study on March 31, 2015, on two adjoining stands on the HEE – U3-11
and U3-12. U3-11 is primarily northeast-facing, but includes some north and northwest aspects.
U3-12 is primarily southeast-facing, with some east slopes and small areas of northwest slopes
(fig. 2.1a). Firefighters used a backing fire technique along the western ridgetops and several
strip fires within the stand to help control flame lengths. The eastern and northern edges of the
units follow a ravine. Relative humidity was 35 percent and wind speed was 6-8 miles per hour.
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It had been five days since the last rain over half an inch. Risk of escape over hand lines was 510 percent. Using these and other parameters, the fire received a complexity score of 76,
categorizing it as a “basic” prescribed fire (Indiana Division of Forestry- Fire Headquarters,
unpublished report 2015).
Both units had areas that exceeded the 800F pyrometer reading, but as averaged
throughout the units, mean pyrometer temperatures of the fires were higher in the southeast
facing U3-12 (466 ± 22F [mean ± standard error]) than in northeast facing U3-11 (332 ± 19F)
(t=-4.66, df=136, P<0.001; fig. 1b). Scorch heights mirrored temperature patterns throughout the
stands. Heights were generally 3-4 feet throughout U3-12 with heights of 4-6 feet in the hottest
areas and a few instances exceeding 10 feet. Consistently throughout U3-11, scorch heights were
1-3 feet, with only a few instances of scorch above 4 feet.
2.5.2 Observed Tree Damage
Overstory tree damage was highly variable, although all sample trees appeared to be in
good health and alive after two years with no change in crown class or strata. Overall, 37 percent
of sample trees (n = 59) showed fire damage either as bark discoloration or new wounds; average
quality (AQ) trees experienced higher damage (44 percent; n = 39) than high quality (HQ) trees
(25 percent; n =20). Few new wounds were visible externally. There were six new seams (three
on the same tree and the others distributed on three separate trees), eleven instances of bark
slough (four instances where bark sloughing was the entire affected area and seven instances
where only some of the discolored bark was sloughing), and three examples of decay fungus
growing on top of burned bark (three separate individuals). New catfaces or oval wounds were
not observed. Many sample trees sustained multiple types of bark discoloration (e.g., tree with
burn, char, and scorch) with 12 instances of burn, 13 of char, and 13 of scorch. Burn was
generally at the base of the bole with char and then scorch above (table 2.1). None of the damage
resulted in a deduction in USFS tree grade as damage and discoloration were mostly contained in
one face and/or less than six feet high if on a second face (Hanks, 1976).
After this first prescribed fire, there are minimal changes to timber quality and value as
injury sizes are small and are generally under 41 inches in height from ground (table 2.1;
Marschall et al., 2014; Stabaugh and Guyette, 2008; Wiedenbeck and Schuler, 2014). It is likely,
however, that underneath at least some of the discolored (i.e., charred and/or scorched) bark, the
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cambium has died and new wounds are compartmentalizing (Loomis, 1973; Nelson et al., 1933;
Shigo, 1984; Smith and Sutherland, 1999) – wounds that are not yet observable after two years.
This relationship between external discoloration and internal damage is often not easy to
establish, as trees with discolored bark have been dissected to reveal no internal fire scars (Smith
and Sutherland, 1999).
The two stands differed in the amount of AQ trees with fire damage: 75 percent (n = 20)
had damage in U3-12, while only 22 percent (n = 19) of trees had damage in U3-11 (χ2= 16.5;
DF=1; P<0.01). In U3-12, 40 percent (n =10) of HQ trees had damage, while in U3-11, 10
percent (n = 10) had damage, although these sample sizes were too small to detect statistical
significance (χ2 = 2.4; df=1; P= 0.12). Aspect likely drove these differences (fig. 2.1a) as it
influences solar radiation levels creating drier fuels on more exposed terrain and, thereby,
increasing fuel consumption, temperature, and fire scarring (Dickinson et al., 2016; Schwemlein,
2006; Stevenson et al., 2008). For example, four HQ trees that sustained damage in U3-12 were
on southeast-facing slopes; they experienced the highest temperatures at surrounding grid points
and on their upslope side (fig. 2.1b). Further, our northeast-facing stand (U3-11) likely had
further reductions in temperatures due to a slight shift in composition towards more mesic
species in some parts of the stand. For example, the far northwest corner of U3-11 had
significant amounts of red and sugar maple saplings. These species produce a fuelbed that retains
moisture, even in dry conditions, are is often not conducive to prescribed fire on these sites
(Dickinson et al., 2016).
We observed weak evidence of differences in the frequency of fire damage among
species groups for AQ trees (χ2 =7.6; DF=4; P=0.11) (table 2.2), where all tulip poplars sustained
fire damage (n=4), but only one hickory sustained fire damage (n=5) (table 2.2). Oaks, of which
we had a larger sample, were intermediate in their responses; 36 percent of red oaks (n=14) and
50 percent of white oaks (n=12) sustained damage. Small sample sizes preclude testing for these
differences in the HQ trees; nevertheless, 27 percent of HQ trees in the white oak group (n = 18)
sustained damage. Bark thickness can explain these species-specific patterns; it has repeatedly
shown to be the greatest predictor of temperature reached at the cambium and varies strongly by
species and size (Hare, 1965; Hengst and Dawson, 1994; Martin, 1963; Pinard and Huffman,
1997; Vines, 1968). In the Central Hardwood Region, species in the white oak group have the
thickest bark, followed by the red oak group, while beech, maple and hickory species generally
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have thinner bark (Sutherland and Smith, 2000). Unexpectedly, the hickories in this study were
resistant to fire damage. This was likely driven by their large size relative to other species (table
2.2), as bark thickness and resistance to fire wounding increase as a tree grows in diameter
(Harmon, 1984; Hengst and Dawson, 1994).
We had some evidence for a fire temperature threshold for damage sustained, but this
threshold differed by sample population. AQ trees were more likely than not to sustain damage if
their upslope pyrometer temperatures exceeded 407F (p<0.01) (fig. 2.2, table 2.3); the average
upslope pyrometer temperature for AQ trees that sustained damage was 564 ± 52 F, while the
average temperature for trees without damage was 230 ± 35 F. HQ trees had a damage threshold
somewhere between 400F and 600F. Logistic regression did not converge because of a
bifurcation of the sample; i.e., all five HQ trees that sustained damage had upslope pyrometer
readings of 600F or 800F, while the undamaged trees had readings of 400F or below (fig.
2.2). These temperature thresholds are similar to those reported by Hengst and Dawson (1994) in
their study of simulated fire in 40-year-old plantations. They reported that for bur oak (Q.
macrocarpa), a species with similar bark thickness to white oak, surface temperatures of 437F
would result in cambial temperatures exceeding 140F and cause cambial death and subsequent
scar formation. Thinner barked trees, either because of species differences or smaller tree
diameter, reach lethal cambial temperatures at a much lower external temperature (Hengst and
Dawson, 1994; Pinard and Huffman, 1997). Furthermore, longer residence time at lower
temperatures can also cause cambial death and injury (Hare, 1961; Vines, 1968). Future analyzes
of fires across several more sites will use thermocouple-derived data to categorize residence time
of fire and relate that to observed injury. Nevertheless, our pyrometer readings are useful to
measure external temperatures and their relations to fire scar formation across the species groups,
particularly as death to the cambium becomes evident over time.

2.6

Conclusion

We found supporting evidence that the aspect of the stand influences fire behavior and
tree damage frequency and severity. Although we saw indications of fire damage from these
low-intensity prescribed burns, it is still unclear whether this damage will result in long-term
injury or loss of economic value. Eventually, this study will monitor between 500-600 trees to
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build relationships among edaphic factors (i.e., topography and aspect), fire behavior, external
indicators of fire damage, and long-term development of internal injuries. Further, these models
will be validated by tracking sample trees through the milling process upon harvest in 15-25
years to determine the exact effects of multiple prescribed fires on lumber quality and volume.
These models can then be used by foresters and other land managers to determine the economic
tradeoffs of prescribed fire in relation to damage to residual timber and the costs of regeneration
efforts for oak species.
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Table 2.1—Mean (standard error) length, end height, and width
of damage types two-year post-fire on the Hardwood Ecosystem
Experiment sites
Type

n

Length

End Height

Width

inches
Scorch

13

24.9 (3.7)

48.8 (8.4)

24.0 (2.7)

Char

13

26.0 (3.3)

49.7 (6.7)

27.2 (2.9)

Burn

12

38.5 (6.2)

37.3 (6.2)

36.9 (3.4)

Seam

6

5.8 (0.9)

23.9 (3.9)

1.8 (0.6)

Bark slough

4

25.1 (9.6)

25.1 (9.6)

16.6 (4.4)

All types

48

26.2 (2.5)

41.1 (3.0)

24.7 (2.1)

End height is the vertical height at which damage ends on the
uphill side of the tree.
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Table 2.2—Mean size (range) and frequency of fire damage by
species group two-years post-fire on the Hardwood Ecosystem
Experiment sites
Species Group

n

d.b.h.

Damaged (%)

----- Average Quality Trees ----Red oak

14

21.0 (12.5 – 28.9)

35

White oak

12

17.5 (13.2 – 22.0)

50

Pignut hickory

6

18.9 (14.7 – 25.9)

16

Maple

3

12.7 (12.3 – 13.1)

33

Tulip poplar

4

21.6 (14.7 – 28.8)

100

39

37

----- High Quality Trees ----Red oak

1

21.7

0

White oak

18

23.6 (14.6 – 31.5)

28

Pignut hickory

1

22.5

0

Maple

0

-

-

Tulip poplar

0

-

-

20
d.b.h. = diameter at breast height

25

30

Table 2.3—Parameter estimate, standard error, zvalue, and p-value of logistic regression relating
upslope pyrometer temperature reading (in °F) to fire
damage observed two years post-fire on AQ trees
Parameter

Estimate

SE

Z

P

Intercept

-3.74

1.2

-3.10

<0.01

Temperature

0.01

0.003

3.13

<0.01

Figure 2.1 – Maps of Units 3-11 and 3-12. Aspect map (A) was GPS-derived; fire intensity map (B) was a
kernel estimate derived from pyrometer readings at each grid point. Sample trees are depicted with fire
damage (triangles) or without (circles); color of symbol indicates upslope pyrometer readings of <200°F
(white), 200-400°F (grey), and >400°F (black).

31

32

Figure 2.2 – Proportion of damage by upslope pyrometer temperature
for AQ (A) and HQ (B) trees. Numbers in bars represent sample size.
Probability of damage was fit by logistic regression for AQ trees; 50
percent probability. is indicated with a triangle at 407F (p<0.01).
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A RETROSPECTIVE ANALYSIS OF 24 YEARS OF
PRESCRIBED FIRE HISTORY ON RESIDUAL TREE VOLUME AND
QUALITY IN THE HOOSIER NATIONAL FOREST

3.1

Abstract

Low-intensity surface fire is commonly prescribed in eastern North American hardwood
stands to improve regeneration of oak and other fire-tolerant and fire-adapted species. However,
this use of prescribed fire potentially comes at a cost by reducing the quantity and quality of the
residual timber through fire damage. I inventoried overstory trees (>10 inch DBH) in 54 oakdominated, hardwood stands with variable prescribed fire histories and aspects in southern
Indiana. I measured fire scar size and frequency, then quantified the residual stand volume and
tree grade, with and without deductions from fire scars, to determine the relative stand volume
and quality lost to prescribed fire damage. Generally, as a stand received more prescribed fires,
more trees were scarred, the relative volume lost increased, and more trees declined in grade.
Aspect surprisingly had little effect on the frequency of damage, volume loss, and grade change
results for stands with three or fewer prescribed fires. Overall, the relative volume lost to fire
damage averaged under 10% in stands regardless of aspect or number of prescribed fires. Under
3% of trees study-wide had reduced grade after any amount of prescribed fire. I conclude that
prescribed fire generally does not have as dire negative economic impacts on standing timber as
generally is perceived by managers and timber buyers, particularly when timber is harvested
within two decades of the first prescribed fire.

3.2

Introduction

Fire, as a disturbance agent, is an important driver of the ecosystem processes that
determine the structure and composition of numerous biomes throughout the world (Bowman et
al., 2011). For example, fires prescribed by Native Americans were an integral part of
ecosystems in eastern North America for thousands of years prior to European colonization
(Brose et al., 2014) and contributed to the dominance of fire-adapted oak (Quercus) species
within those forests (Abrams, 1992). Fire suppression in the last century has contributed to the
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lack of advanced oak regeneration and the increased regeneration of mesic species such as beech
and maple (Fagus and Acer) within many eastern forests (Nowacki and Abrams, 2008).
Prescribed fire can promote advanced oak regeneration (Brose et al., 1999; Brose et al.,
2013) and is increasingly used by federal and state agencies and non-government organization
for ecosystem restoration (Dey and Schweitzer, 2015). However, a large portion of forested land
is privately owned (Gormanson and Kurtz, 2017), and prescribed fire is not as ubiquitous across
the landscape. Forests without prescribed fire are experiencing a compositional change as the
mesic species continue to dominate in the midstory as stands develop, particularly on more mesic
sites (Steiner et al., 2018). Much of the Eastern Deciduous forest is on the verge of becoming late
succession-mesic forest. This change would have drastic ecological consequences as oaks are a
foundational species and many species depend on them for habitat (Hanberry and Nowacki,
2016). This change would also have financial ramifications within the large economy associated
with oak timber products (Brose et al., 2014).
Modern natural resource management frequently aims to meet multiple objectives while
balancing tradeoffs (Bradford and D’Amato, 2011). There are numerous factors that limit the
implementation of prescribed fire (e.g., narrow burn windows, smoke concerns, resource
allocation, liability, expertise and regulatory requirements) for ecosystem management. There is
also a pervasive concern that prescribed fire will negatively impact timber resources; therefore,
some land managers hesitate to use fire on their properties (Dey and Schweitzer 2015). Previous
studies that investigated the effect of periodic, low intensity prescribed fires on standing
hardwood timber volume and value found minimal losses (Knapp et al., 2017; Marschall et al.,
2014; Stambaugh and Guyette, 2008; Wiedenbeck and Schuler 2014). However, most previous
work has focused on the less fire-tolerant red oak (Erythrobalanus) group, which were less
prevalent in the landscape prior to fire suppression and are found on slightly more mesic sites
than the white oak group (Lepidobalanus) (Abrams, 2003). As white oaks occupy a larger
volume of the standing sawtimber sized trees in eastern North America – 2,206 million bd ft
(Doyle) in Indiana alone (Gormanson and Kurtz, 2017), the effects of prescribed fire on white
oak timber needs to be more fully explored. If prescribed fire is to become commonplace within
forest management, land managers need realistic expectations for the effects it will have on
standing white oak timber.
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To address the concerns about the effects of prescribed fire on timber quantity and quality, I
examined the extent of fire damage to overstory trees in oak-dominated hardwood stands with
prescribed fires histories in the Hoosier National Forest (HNF) in southern Indiana. The major
objectives of this study were to: i) document the extent of fire damage to overstory trees from
prescribed fire; ii) relate the proportion of trees wounded in a stand to the number of prescribed
fires received and stand aspect; iii) quantify merchantable timber volume lost due to prescribed
fire wounds in commercially important species; and iv) understand the effect of prescribed fire
damage on overstory tree quality. I hypothesized that as a stand receives increasing prescribed
fires and as aspect becomes more oriented to the southwest and conditions become drier: H1) the
proportion of trees wounded by fire will increase; H2) the relative amount of timber volume lost
will increase; and H3) and more trees will decline in grade.

3.3

Methods

3.3.1 Study Site
The Hoosier National Forest (HNF) encompasses over 200,000 acres of southern Indiana
(Figure 3.1). Most of the forest was cleared for agricultural use in the early 1900s and
subsequently abandoned. The forest regenerated and was acquired in patches by the United
States Forest Service (U.S.F.S.) throughout the 20th century. Most of the forest is second- or
third-growth, although a very few remnant 300+ year old stands still exist. All stands chosen for
this study were second-growth.
The HNF is within the Brown County Hills and Mitchell Karst Plain sections of the
Highland Rim Natural Region and the Crawford Upland and Escarpment sections of the
Shawnee Hills Natural Region (Homoya et al., 1985). According to Homoya et al. (1985), the
Highland Rim Region is mostly unglaciated with karst topography, cliffs and rugged hills. The
region is primarily forested with substantial area in barren communities. The Brown County Hill
section has deeply dissected uplands from siltstone, shale and sandstone bedrock with welldrained, acidic silt loam soils in the Berks-Gilpin-Weikert Association. These upland forests of
this section are dominated by oak-hickory (Quercus-Carya) species, while ravines include more
mesic species such as beech (Fagus grandifolia), northern red oak (Q. rubra), and sugar maple
(Acer saccharum). The Mitchell Karst Plain section supports a variety of communities including
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caves, sinkhole ponds and swamps, flatwoods, limestone glades, upland forests, and one of the
largest barrens communities in Indiana. Soils are well-drained, silty loams derived from loess
and weathered limestone. Forests are dominated by white oak, sugar maple, shagbark hickory (C.
ovata), and pignut hickory (C. glabra). More xeric forests also include post oak (Q. stellata) and
chinquapin oak (Q. muehlenbergii) (Homoya et al., 1985).
The Shawnee Hills Natural Region is also mostly unglaciated and primarily comprised of
upland forests, with patches of sandstone and limestone glades, gravel washes, and barrens
(Homoya et al., 1985). The soils of the Crawford Upland section are mainly well-drained, acidic
silt loams in the Wellston-Zanesville-Berks association. Upper slope positions in this section are
dominated by black oak (Q. velutina), white oak, chestnut oak (Q. montana), scarlet oak (Q.
coccinea), post oak, pignut hickory, and shagbark hickory. Lower slope positions and northfacing aspects are composed of beech, tulip poplar (Liriodendron tulipifera), northern red oak,
sugar maple, and black walnut (Juglans nigra). The Escarpment section is primarily dry-mesic
and mesic upland forest. Species composition is similar to the Crawford Upland and Mitchell
Karst Plain sections, but post and black oaks are more common than chestnut oak on dry sites.
Soils are Wellston-Zaneville in the hills and limestone elsewhere (Homoya et al., 1985).
3.3.2 Stand Selection
Prescribed fire in the HNF began in the spring of 1990 to restore rare, fire dependent
barrens communities within the Boone Creek watershed and has since expanded to meet multiple
restoration, habitat creation, and regeneration objectives within oak forests and grasslands across
the forest. I sampled 44 stands within 13 burn units for this study. In the HNF, burn units are
areas that are managed similarly with prescribed fire because of ecological attributes, landscape
features, or management goals. I selected burn units that had objectives to reduce understory and
midstory densities of mesic species and promote advanced oak regeneration, often to restore
more xeric forest communities. However, some of the sampled burn units with the longest fire
histories were included areas being restored to barren communities.
Selected stands had to have merchantable timber (average diameter at breast height
[DBH] greater than 10 inches [25.4 cm]), and dominated by oak and hickory species. White oak
dominance was preferred where possible. In addition, I chose 10 stands with the same tree size
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and species criteria as nearby control stands without any history of prescribed fire. These control
stands were generally on similar aspects.
Selection of stands from those available within burn units were stratified by two factors,
burn class and aspect. Burn class hereafter is defined as the number of prescribed fires a stand
received since 1990, the earliest records of prescribed fires available for the HNF. Burn class
was categorically assigned as 0, 1, 2, 3 or 4+ prescribed fires. Aspect was divided into two
classes: north/east or south/west. Stands with a majority of slopes facing north to east aspects
(292.5° to 112.5° azimuth) are generally more mesic and somewhat protected from intense fire;
stands with a majority of slopes facing south to west (112.5° to 292.5° azimuth) are more xeric,
due to the amount of solar radiation experienced in the Northern Hemisphere, and will generally
experience more intense fires (Pyne et al., 1996)
3.3.3 Field Data Collection
Fifteen points were sampled within each stand. Sampling points were randomly laid
using the fishnet or point tool in ArcGIS until at least eight points were placed on the
corresponding aspect for the stand (i.e., 8/15 north- or east-facing points for the stand to be
considered north/east). The remaining were chosen randomly from the generated points. Points
were placed at least 30 m apart to prevent double sampling of individual trees.
At each sample point, I recorded the percent slope and aspect. I used a 20 BAF (4.6 m2
ha-1) prism to inventory all living trees >10 inch (>25.4 cm) DBH at each point. Points needed a
minimum of three trees to be included, otherwise the point was moved to the nearest location
that met the criteria (fewer than 20 instances in the entire study). I recorded species, DBH, Forest
Service tree grade (1, 2, 3 and local use only; Hanks, 1976; Miller et al., 1986), merchantable
height to an eight-inch (20.32 cm) diameter inside bark for each tree, and the presence or absence
of any externally visible fire wounding. If a tree had visible wounding that was likely caused by
fire, the trees was given two grades, following Stambaugh and Guyette (2008), where the first
grade included all defects and second grade ignored any defect likely caused by fire (e.g.,
catfaces, seams with char, etc.).
All wounds beginning below breast height and ending below twelve feet high on the bole
of the tree were characterized by measuring the position on the stem (upslope, sideslope,
downslope), type, width at the widest point, start height and total height (in relation to upslope),
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and depth to the nearest 0.1 inch (0.254 cm). Wounds that occurred only in the stump (i.e., below
6 inch or 30 cm) were not measured, but were noted if they led to cull. Wound types included: i)
catfaces (triangle-shaped, open at base of tree), ii) ovals (oval-shaped, closed at base of tree), iii)
seams, iv) basal/flutes, and v) bark slough. Catfaces and ovals have distinct wound ribs
(thickened rings produced by cambium in response to injury) and have associated depth to their
wounds. Seams also have distinct wound ribs, but rarely have a visible depth. Basal/flutes are
wounds that occurred on extended butt flare. Bark slough was used to indicate when dead bark
was disconnected from the bole of the tree, when multiple seams occupied a confined area,
and/or when physical damage was evident, but the damage did not meet definitions for the other
categories. A standard depth of 0.5 inch (1.27 cm) was assigned to all wounds without a
measureable depth. This depth was chosen due to observations from a lumber recovery project
conducted on a subset of these trees performed in the summer of 2017 and the general growth
rate of the trees in this region (Personal communication. Jan Wiedenbeck. 2017. Research Forest
Products Technologist, United States Forest Service, 301 Hardwood Lane, Princeton, WV
24740). Any surface discoloration of the bark from fire was noted, but not measured.
3.3.4 Analysis
Species with greater than 100 sampled individuals across all sites were grouped into
categories based on current local timber markets. These were: hickories (pignut and shagbark
hickory); red oaks (northern red and black oak); sugar maple; tulip poplar; white oaks (white and
chinquapin [only 3 instances] oak); and other white oaks (post and chestnut oak). Species with
less than 100 sampled individuals across all sites, including many not merchantable in local
markets, were grouped together into an “other” type; these species were red maple (A. rubrum),
silver maple (A. saccharinum), dogwood species (Cornus spp.), persimmon (Diospyros
virginiana), American beech, ash species (Fraxinus spp.), black walnut, sweetgum (Liquidambar
styraciflua), black gum (Nyssa sylvatica), American sycamore (Platanus occidentalis), bigtoothed and trembling aspen (Populus spp.), black cherry (Prunus serotina), blackjack oak (Q.
marilandica), sassafras (Sassafras albidum), and American elm (Ulmus americana).
Stand-level estimates of basal area (ft2 ac-1; BA), density (trees ac-1; TPA), and quadratic
mean diameter (inch; QMD) were calculated for each stand. International ¼” board foot volume
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of the first 16-foot log of each tree and total volume to merchantable height of each tree was
calculated in International ¼” board foot volume (Eq. 1; Wiant, 1986):
Volume = (1.52968L2 + 9.58615L – 13.35212) + (1.79620 – 0.27465L2– 2.59995L)D +
(0.04482 – 0.00961L2+ 0.45997L)D2

[Eq. 1]

where L= number of 16-foot logs and D= diameter at breast height in inches. If a tree had a
merchantable height of 8 foot or 12 foot then L was set to 0.5 or 0.75 respectively. If a tree was
not of sawtimber quality, then volume was set to zero.
I was interested in the volume loss due to fire in both the first log and for the entire
merchantable tree. I calculated the volume of each wound using formulas consistent with their
shape, converted those volumes to board feet, and finally aggregated volumes for each tree. The
volume of the tree with fire damage was calculated by subtracting the aggregated wound volume
from the volume of the tree. Volume was also adjusted as needed for sections of the trees
determined to be unusable (ex. swell in the bottom four feet). Each tree, therefore, had four
volumes: i) volume of first log without fire wounds, ii) volume of first log with fire wounds iii)
volume of the entire tree without fire wounds iv) volume of the entire tree with fire wounds.
Each of these tree volumes were converted to a per acre basis by using the individual tree’s
expansion factor (the number of trees pre acre represented by that tree), and then summed to
calculate stand volume. The relative percent of stand volume lost from prescribed fire damage
was calculated by dividing the difference between the volumes with and without fire wounds by
the volume without fire wounds and multiplying by 100. I hypothesized that there may be some
species-specific differences in vulnerability to fire. Therefore, I calculated these summary
volume variables for two subsets of the data: i) for white oak trees only and ii) for merchantable
species only (all species groups besides the “other” type).
The percent of trees per acre in each stand that changed grade from prescribed fire
wounding was calculated by summing the expansion factors for all trees that changed grade from
fire wounding then dividing by the total expansion factor for all trees in each stand and
multiplying by 100. This was again repeated for the subset data groups (white oak only and
merchantable species only).
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I was concerned that the relationships among fire damage, aspect, and burn class could
vary by site productivity, with trees on lower quality sites more likely to have more persistent
damage due to lower growth (and healing) rates. Therefore, I collected site indices from the
Hoosier National Forest’s database for each stand. Although most stands had white oak-based
site indices, a few did not. Those with shortleaf pine-based site indices were converted to oak
following recommendations of Brinkman and Rogers (1967). Tulip poplar-based and black oakbased site indices were converted to white oak from conversions developed for the Central States
(Carmean and Hahn, 1983). Sugar maple-based site indices were first converted to northern red
oak, then converted to white oak using conversions developed for the Lake States (Carmean et
al., 2013), as I could not locate direct conversions between sugar maple and white oak for the
Central States.
3.3.5 Statistical Analyses
To investigate the potential impact of prescribed fire on stand structure, I performed
separate analyses of variance on the influence of burn class and aspect on BA, TPA, and QMD in
each stand. To test hypothesis one, I conducted an analysis of variance on the proportion of trees
wounded by fire in each stand between the burn classes and aspect classes. To test hypothesis
two, I conducted separate analyses of variance on the relative percent of volume lost from fire
damage for volume calculated from the first 16’ log and volume calculated from the entire
merchantable height of the tree by burn class and aspect. To test hypothesis three, I performed an
analysis of variance on the average percent of trees per acre that changed grade by burn class and
aspect. Site index was used as a covariate in all analyses but did not impact any results. All
hypotheses tests were repeated on the two subsets of the data; white oak trees and all
merchantable trees. Follow up Tukey Honestly Significant Difference tests were performed to
determine significant trends between factor levels. All analyses were conducted in R 3.1.4 (R
Core Team 2017). I set α = 0.05 for all tests.

3.4

Results

3.4.1 Tree-level patterns
Overall, I sampled 3,654 trees in 54 stands. Stands were distributed nearly equally across
aspect classes (north/east: 28 stands and south/west: 26 stands; Table 3.1), with most stands

41
classified as white oak-dominated (34) and the remainder being black oak/scarlet oak/hickory
(4), mixed upland hardwoods (5), yellow poplar/white oak/northern red oak (5), and mixed oak
(6). White oak site indices ranged from 42 to 85 ft (base age of 50 yr) across all sampled stands.
There were 26 species inventoried representing 7 species groups, with 56.5% of stems
being white oak. Red oak was the next most frequent species group and comprised 12.8% of
inventoried stems. Hickories (9.6%) and the other white oaks (9.0%) were the next most
frequently inventoried species groups (Table 3.2). Sugar maple and red oak group had the
highest proportion of sample trees wounded by fire with 50.7% and 55.6%, respectively.
Notably, the red oak group also had the highest percentage of trees (38.4%) with some sort of
outward defect in control stands (burn class 0). Tulip poplar and hickory both had the lowest
proportion of trees sampled with fire wounds at 26.7% and 27.3%. Both white oak groups had
39.5% of sampled trees with fire wounds (Table 3.3).
Excluding control stands, 40.0% (1,198/2,994) of sample trees had prescribed fire
damage. Between 660 and 803 trees were inventoried in each burn class. The proportion of
sampled trees wounded generally increased as burn class increased: 17.3% in control stands (no
exposure to prescribed fire); 29.3% in burn class 1; 32.5% in burn class 2; 51.4% in burn class 3;
46.7% in burn class 4+.
Across all treatments, 2,345 wounds were measured, of which 2,171 wounds (92.5%)
were measured in stands with a history of prescribed fire (burn classes 1, 2, 3, 4+). For all
treatments, seams were the most common type of wound with 801 measured, followed by bark
sloughing/multiple seams and catfaces (Table 3.4). Catfaces had the highest average amount of
board feet in defect per wound of any of the wound types at 5.8 ± 0.4 BF (mean ± standard
error), while seams had the lowest at 0.6 ± 0.04 BF. The average board feet volume in defect for
all wound types was 2.7 ± 0.2 BF (Table 3.4). All wounds types, on average, ended below a
height of 30.0 ± 0.4 inches, were 11.4 ± 0.2 inches wide, and 1.6 ± 0.05 inches deep (Table 3.5).
Only 2.8% of sampled trees (100/3,654) dropped grade due to prescribed fire damage.
Specifically, 2.7% of merchantable sampled trees (95/3,526) and 2.0% of white oak sampled
trees (42/2,060) changed grade due to prescribed fire damage. Slightly more than half, 57.9%
(55/95), of merchantable sampled trees that changed grade were grade 1 trees. Only 0.6%
(14/2,190) of merchantable sampled trees were estimated to decline from grade 1 (without fire
damage) to local use because of fire damage (Table 3.6).
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3.4.2 Stand-level Patterns
Overstory basal area ranged from 73 to 117 ft2 ac-1 across the 54 stands, with an average
of 90 ± 1.5 ft2 ac-1. Density ranged from 32 to 91 stems ac-1 and averaged 61 ± 2 stems ac-1.
Quadratic mean diameter ranged from 12.4 to 22.5 inches and averaged 16.6 ± 0.3 inches.
Neither basal area, density, nor quadratic mean diameter varied significantly with either burn
class or aspect (basal area: F19,34 =1.624, p=0.106; density: F19,34 =0.875, p=0.613; mean
diameter: F19,34 =1.298, p=0.247).
3.4.2.1 Hypothesis One: Percent of Trees per Acre Wounded by Prescribed Fire
Generally, the percent of trees per acre wounded increased as the number of prescribed
fires increased (all species: F4,49 =6.372, p<0.001; merchantable species: F4,49 =6.008, p<0.001;
white oak: F4,49 =5.799, p<0.001), but did not change with aspect classification. For all species,
the average percentage of trees per acre wounded was 49% for burn classes 3 and 4, while the
baseline percentage of trees per acre wounded was 17% for the control stands with no prescribed
fire (Figures 3.2, 3.3, and 3.4). More trees per acre were wounded only in stands with three or
more fires compared to unburned control stands (all species: p=0.001 and 0.002; merchantable
species: p=0.001 and 0.003; white oak: p=0.001 and 0.015, for three and four prescribed fires,
respectively); stands with fewer burns were not significantly different from one another or with
the control (p>0.05; Figures 3.2, 3.3 and 3.4). The interaction between burn class and aspect for
percent of trees per acre with wounds was not significant.

3.4.2.2 Hypothesis Two: Relative Stand Volume Lost from Prescribed Fire Damage
Overall, the relative amount of the stand volume from the first 16’ log (i.e., butt log) lost
to prescribed fire averaged under 10%. Stands with three or fewer prescribed fires had lost less
than 2% of volume of the first log across all species, while stands with four prescribed fires lost
an average of 5.7 ± 1.5% of volume (Figure 3.4). Across all overstory species and only
merchantable species, burn class and the interaction between burn class and aspect influenced the
relative stand volume lost from the butt log (all species: F9,44 =5.404, p<0.001; merchantable
species: F9,44 =6.007, p<0.001). Stands with four prescribed fires had more relative volume lost
from the first butt log than the other burn classes (p<0.001), particularly if found on south or
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west aspects where relative volume loss averaged 8.1 ± 2.7 % (all species: p=0.020;
merchantable species: p=0.020). No other comparisons were statistically different (p>0.05).
For white oak trees, burn class influenced the relative volume lost from the butt log (F4,49
=3.504, p=0.014), while aspect did not have an effect. Burn class 4 stands had more volume lost
than control stands and burn class 2 stands (p=0.016 and 0.046, respectively). This discrepancy
may have been caused by a relatively low amount of white oak in the burn class 2 stands (32.8%
of sample trees were white oak in burn class 2 compared to 71.3% in burn class 4).
The average relative percent of total stand volume lost to prescribed fire damage was
under 6.0% for stands with 0, 1, 2, and 3 prescribed fires and was 8.0% for stands with 4+
prescribed fires (Table 3.7). The relative percent of stand volume lost to prescribed fire ranged
from 0 to nearly 20%. There was no relationship between number of prescribed fires and aspect
on the relative amount of stand volume lost calculated from the entire tree for all tree species,
merchantable trees, or white oak trees only (all species: F19,34 =1.125, p=0.3715; merchantable
species: F19,34 =1.096, p=0.396; white oak: F19,34 =0.65, p=0.839).

3.4.2.3 Hypothesis Three: Grade Change Due To Prescribed Fire Damage
The percentage of trees per acre that changed grade due to prescribed fire damage ranged
from 0-18.9% for all species combined, 0-18.3% for just merchantable species and 0-13.6% for
white oak (Table 3.8). Average percent of trees per acre that changed grade was less than 3% for
stands with three or fewer prescribed fires for all species, merchantable species, and only white
oak (Table 3.9). Average percent of trees that changed grade was higher in stands with four or
more burns, nearly 7.0% for all tree species and merchantable species, but only slightly higher,
3.7%, for white oak trees.
The average percent of trees per acre that changed grade due to prescribed fire damage
was influenced by burn class and the interaction of burn class and aspect for all species (F9,44
=4.527, p<0.001). Burn class alone was the primary variable explaining changes in grade for
merchantable species and white oak (merchantable species: F4,49 =4.553, p=0.003; white oak:
F4,49 =2.906, p=0.031). Stands receiving four or more burns changed grade more than all other
stands when considering all species combined (p=0.000; 0.006; 0.031; 0.035 for burn class 0-3
respectively). However, for merchantable species alone, these stands were only different from
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those receiving no or one prescribed fire (p=0.002 and p=0.017, respectively). The only
significant trend for white oak was that burn class 4 stands had more trees change grade than
control stands (p=0.032). For all species, the combination of burn class 4 and south & west
aspect had more trees change grade than any other burn class and aspect combination (all
p<0.05). The non-merchantable trees drove this relationship, since this aspect trend was not
consistent with the merchantable trees subset.

3.5

Discussion

3.5.1 Tree-level Patterns
Most trees measured in this study either did not get damaged by prescribed fire or were
able to compartmentalize and heal wounds quickly. While I observed several wounds that led to
cull through sounding the tree, these wounds were not the norm. The majority of wounds
measured were seams and the generic group of bark sloughing/multiple seams, with distinct
woundwood ribs that touched and had closed over the wound. Wound closure helps protect the
tree from pathogens, rot, and additional mechanical wounds (Shigo, 1984) and can happen as
quickly as one year after a fire, depending on scar width (Stambaugh et al., 2017). The majority
of catfaces, basal/flutes, and ovals observed were still open (woundwood ribs not touching). As
the trees were still in the process of healing these open wounds, they remained more vulnerable
to decay. The open nature of the wounds, catfaces, basal/flutes, and ovals gave these wounds
measureable depth and consequently the highest average volume (board feet) in defect.
Marschall et al. (2014), in a lumber recovery study, determined that wounds less than 19.7 inches
would have minimal impact on the value loss 14 years after the initial prescribed fire in a series
of 3 or 4 fires. On average, my observed wound heights exceeded this threshold, 30 inches, as
does the residency time (length of time since a wound was inflicted) of some fire scars, but
average board feet volume in defect for all wound types was still relatively low, only 2.7 ± 0.2
board feet per wound (Table 3.4).
In general, resistance to wounding from fire increases as tree bark thickness increases
(Hare 1965, Hengst and Dawson 1994). Species differ in the thickness of their bark, but for a
given tree bark grows thicker as diameter increases (Harmon 1984; Hengst and Dawson, 1994).
As the trees in our study were overstory and at least sawlog-sized (minimum of 10 inches DBH),
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the species-level resistance to fire damage may vary from patterns observed in smaller-sized
trees measured in regeneration studies. Despite being considered a thicker bark species
(Sutherland and Smith, 2000), northern red oak in our study seemed susceptible to wounding; it
had the highest observed proportion of trees wounded in fire stands at 56% and in control stands
at 38%. Of sampled species groups, the two white oak groups have the thickest bark (Sutherland
and Smith, 2000) and 40% of trees had fire damage compared to 14% of trees with damage in
control stands. Our thinnest barked species group, sugar maple (Sutherland and Smith, 2000),
had 51% of sampled trees damaged in stands receiving prescribed fire and 20% with damage in
control stands. Tulip poplar is also considered a thinner barked species when young (Sutherland
and Smith, 2000). However, very few large (>10 inch) tulip poplar trees were wounded (27%) by
prescribed fire in our study. In a small-scale study conducted in the central Appalachian region,
tulip poplar trees sampled contained no wounds after two mild to moderate intensity prescribed
fires (Wiedenbeck and Schuler 2014). Future studies should stratify species groups sampled in
mixed species stands to determine confident species difference in responses to fire for overstory
trees.
3.5.2 Stand-level Patterns
Overall, prescribed fire did not influence the stand structure of overstory trees larger than
10 inches DBH given basal area, trees per acre, and quadratic mean diameter of the stands did
not significantly change with increasing numbers of prescribed fire across different aspects, and
controlling for site index. Similar surveys from the Missouri Ozarks also found no impact of
prescribed fire on basal area, trees per acre, and quadratic mean diameter in oak-pine and oak
stands (Stevenson, 2007; Knapp et al., 2017). Mortality from prescribed fire declines as trees size
increases, and is generally low (under 3%) for trees of greater than 10 inches DBH (Kinkead et
al., 2017). However, the influence of site index on these variables may have been confounded by
the influence of stand aspect, as the two are related. Mechanical thinning or changes to fire
prescriptions may be required if management goals include a reduction in basal area for
restoration efforts.
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3.5.2.1 Hypothesis One: Percent of Trees per Acre Wounded by Prescribed Fire
This is the first study to the author’s knowledge, to examine the impacts of increasing
number of prescribed fires rather than prescribed fire itself in any amount. The stands in this
study held the consistent trend that while prescribed fire wounds trees, it does not wound all of
the trees in a stand (Smith and Sutherland 1999; Kinkead et al., 2017; Stevenson et al., 2008).
The percent of trees wounded by prescribed fire generally increased as the number of prescribed
fires increased, but only stands with three or more prescribed fires were statistically different
than control stands. This trend was the same for all species combined, white oak trees alone, and
for all merchantable trees. Notably, trees within control plots also demonstrated a fair amount of
damage (17% of all trees per acre) as damage can be caused by many environmental factors (ex.
frost, wildlife interactions, falling limbs), not just fire. In stands with three or more prescribed
fires, the average percentage of trees per acre wounded was 49%. Plots burned periodically since
1949 in the Missouri Ozarks had similar wounding rates at 54.8% (Knapp et al., 2017).
Stevenson (2007) also found similar, but higher proportion of trees wounded at 67% on south
and west slopes and 53% on north and east slopes in stands with histories of one to nine
prescribed fires in the Missouri Ozarks. Low intensity fires generally create a mosaic of fuel
consumption where areas will remain unburned (Pyne et al., 1996) and many trees remain
undamaged. Bark thickness helps protect trees from damage-inducing fire temperatures in areas
with fuel consumption. However, more trees may have internal damage than one can see
externally, as fire wounds, especially small ones, can compartmentalize and heal quickly after a
fire (Stambaugh et al., 2017).
Aspect surprisingly did not heavily influence the proportion of trees wounded even
though it is generally recognized that southern facing aspects have higher rates of scarring from
prescribed fire (Kinkead et al., 2017; Stevenson et al., 2008), as aspect influences fire behavior
through altered solar radiation, air temperature, and fuel moisture (Pyne et al., 1996). There are
other environmental factors that also influence fire behavior that were too complex for this study
to take into account such as topography, seasonality of fire, and method of ignition, all that could
have confounded the influence of aspect in proportion of trees wounded (Pyne et al., 1996).
Future researchers should try to stratify more of these environmental variables in stand and plot
selection as to better understand how fire behavior affects tree damage.
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3.5.2.2 Hypothesis Two: Relative Stand Volume Lost from Prescribed Fire Damage
Our results were consistent with previous studies of prescribed fire’s effects on timber
volume. As residence time, the length of time since the inception of a fire scar, of fire scars
increases, more rot and decay can set into the wood, leading to cull and larger defect volumes
(Stambaugh and Guyette 2008). Marschall et al. (2014) found minimal red oak log volume lost
(3.9%) for stands with 3 to 4 prescribed fires within 14 years; this volume falls between those
volumes I found for burn classes 3 and 4. Knapp et al. (2017) found volume losses of 3.2% for
periodically burned trees. Stambaugh and Guyettte (2008) found a higher volume loss from
prescribed fire damage, 9.4%, but that volume was measured on a shorter 10’6” butt log.
The relative percent of total merchantable volume of the whole stand lost to prescribed
fire was very low (5.25%) (Table 3.7). No differences were found for the relative percent of
volume lost between any of the number of prescribed fires and aspect variables including control
stands. Only three stands had merchantable volume losses of over 10%. These losses were
smaller than found in a Missouri Ozark recovery study (7.1%; Guyette et al., 2012). While most
of the value of a tree is contained within the first 16-foot butt log, significant volume can be
processed from the rest of the merchantable height of any tree. My trees were tall, much taller
than those in the Guyette et al. (2012) study, and many trees could produce three additional 16foot logs. Therefore, the lower relative volume lost was not surprising. Only when prescribed fire
caused wounds that led to advanced cull throughout the tree did this pattern change. These
findings demonstrate the contrasting effects of wild and prescribed fire, where increasing
numbers of wildfires in West Virginia had substantial impacts to timber volume per acre,
reducing volume and value by nearly 50% (Wood, 2010).
Attention and care during harvesting and milling can increase timber volume recovery for
trees with fire-caused defects. For example, trees can be bucked to exclude damaged areas, log
length can be shortened to produce higher grade material, and boards can be cut with seams on
the edges, allowing enough clear wood throughout the rest of the board to maintain grade.
Volume deductions calculated from fire scars may be an overestimation in this study, as shallow
fire scars from recent fires and scars on large trees are often removed in the slab during timber
processing, leading to no realized volume deductions in the lumber (Marschall et al., 2014;
Stambaugh and Guyette, 2008; Loomis, 1974; Wiedenbeck and Schuler, 2014). Still, even with
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our potential overestimation of volume losses, the relative amount of stand volume lost due to
prescribed fire damage was minimal.
3.5.2.3 Hypothesis Three: Grade Change due to Prescribed Fire Damage
Prescribed fire did not greatly impact tree quality at the stand level even in the cases
where the post first fire interval was 24 years and more than 4 prescribed fires has been applied.
Study-wide, the number of inventoried trees that changed grade due to prescribed fire wounding
was very low, less than 3%. Even when converted to density, less than 3%, on average, of a
burned sites trees received enough damage to reduce the U.S.F.S. tree grade. Only in stands with
four or more prescribed fires did grade reductions exceed 5%. Across all sites, white oak trees
seemed particularly excellent in their ability to retain tree grade after fire, having grade
reductions of approximately one-half of all other species (Table 3.8).
Fire normally wounds one face of the tree, the uphill or leeward side of the tree (Gutsell
and Johnson, 1996). Trees could frequently keep their grade because the process of grading trees
ignores the face with the most defects (Hanks, 1976), and in the case of my study, most, if not
all, of the fire damage. Grade only declined for trees that had excessive cull due to fire damage
that exceeded the cull limits for each grade or for cases where fire significantly damaged two or
more faces of the tree. Fire also degraded a tree if the tree otherwise had many defects (ex. dead
limbs) and the best face was the face that received fire damage; the additional fire wounds
shifted the best face to a more defect-laden face. My findings may not be applicable to veneer
production, which may be more impacted by fire scars than lumber. Past research on lumber has
found minimal effects of prescribed fire on overstory tree quality for similar reasons. For
example, Wiedenbeck and Schuler (2014) found 12% of trees had grade change or scale volume
deduction after two prescribed fires, but 70% of these trees were red maple, a known fire
intolerant species. The remaining trees were more fire tolerant species that changed grade, which
at 5% grade change is similar to my findings of 3%. The only wound type to affect timber
quality was large catfaces (Wiedenbeck and Schuler, 2014). Marschall et al. (2014) found
individual tree value loss to be 10.3% when fire wounded logs were milled into dimensional
lumber which they still considered this to be minimal. Stambaugh and Guyette (2008) noted
approximately 10% of oak trees (black, scarlet, and white oak) changed grade to due prescribed
fire damage after two fires in the Missouri Ozarks. These previous studies on timber quality after
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prescribed fire found higher frequencies of quality changes from smaller datasets than our data
but were still generally low.

3.6

Conclusion

Prescribed fire has the ability to wound individual trees and reduce their timber volume
and quality, but in practice, losses are minimal when aggregated to the stand level. Generally,
more trees per acre are wounded as the number of prescribed fires a stand receives increases but,
even then, not all trees in a stand are wounded. Overstory trees in mature stands have relatively
thick bark that insulates them from fire damage. For trees that are wounded, particularly oak
species, the ability to compartmentalize and heal wounds minimizes the impact on overstory tree
volume and value, even after 24 years and more than four prescribed fires. Pole and small
sawtimber sized trees, however, are more susceptible to considerable damage, especially if left in
the stand for long periods of time before harvest (Dey and Schweitzer, 2015). Though not
explored here, site quality may also influence the ability of trees to heal after a fire, where higher
quality sites may heal faster than low quality sites. Further, past research has also shown that the
process of milling frequently removes recent, compartmentalized wounds on large trees, which
can also minimize economic effects.
These results indicate that prescribed fire can be used in conjunction with other forest
management strategies to meet multiple objectives (Dey and Schweitzer, 2015). For example, if
fire is used within a shelterwood regime and conducted less than 20 years before final overstory
harvest, oak regeneration may be strongly promoted, while losses to timber resources can be
minimized. Fire can also be helpful in combination with midstory removal of mesic species to
allow more light to the forest floor and reduce litter layer depth for successful oak regeneration
(Dey and Schweitzer, 2015), although placement of slash from the midstory removal near boles
of trees can be problematic and cause more fire damage.
A more robust understanding of the impacts of prescribed fire on overstory tree volume
and value will come from an ongoing lumber recover study of a subset of trees analyzed as part
of my study (Personal communication. Mike Saunders. 2017. Associate Professor, Purdue
University, 715 W. State Street, West Lafayette, IN 47907). Dissecting these trees and inspecting
the actual milled timber products will create strong connections between external indicators of
prescribed fire damage and internalized compartmentalization. For example, the previous works
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on milled red oak timber products by Marschall et al. (2014) and four commercial species by
Wiedenbeck and Schuler (2014) were insightful and powerful to understanding prescribed fire
effects on timber resources.
Lastly, future studies should incorporate seasonality of fire and method of ignition when
possible as these factors may greatly influence fire behavior and its influence on timber resources
(Pyne et al., 1996). As researchers expand upon this work and incorporate various management
and harvesting techniques, we will compile evidence for fire effects across the landscape and
create realistic, meaningful expectations for land managers to preserve and restore oak forests.
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Table 3.1—Number of sampled stands in each combination of
aspect and burn class (number of prescribed fires a stand has
received in the last 24 years).
Aspect

North & East

South & West

Total

Burn Class
0

5

5

10

1

5

5

10

2

6

6

10

3

7

5

12

4

5

5

10

Total

28

26

54

55

Table 3.2—Number of trees inventoried by species category in each
and aspect category.
Aspect
Species Group
White Oak
Red Oak
Hickory
Other White Oak
Tulip Poplar
Sugar Maple
Other Type
Total

North & East
945
298
208
174
111
74
83
1893

South & West
1115
172
143
156
61
69
45
1761

Total
2060
470
351
330
172
143
128
3654
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Table 3.3– Percent of sampled trees wounded and number of trees
sampled in each species group for stands with prescribed fire history
(burn class >0) and control stands with no prescribed fire history (burn
class = 0) by species category.

Species Group
White Oak
Red Oak
Hickory
Other White Oak
Tulip Poplar
Sugar Maple
Other

Prescribed fire
% wounded
n
40
1624
56
397
27
300
40
266
27
168
51
128
35
111

Control
% wounded
14
38
24
14
0
20
18

n
436
73
51
64
4
15
17
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Table 3.4– Mean (SE), range, and frequency of the volume defects
in board feet per wound for all wound types in all burn classes
(0,1,2,3,4+).
Wound Type

n
801
667

Volume
(bd ft)
0.58 (0.04)
1.89 (0.11)

Range
(bd ft)
0.01–28.50
0.03–38.00

Seam
Bark
Slough/Multiple
Seams
Catface
Oval
Basal/Flutes
All types

667
177
33
2345

5.77 (0.43)
3.87 (0.81)
4.61 (1.20)
2.73 (0.15)

0.01 –111.54
0.02–124.86
0.09–27.47
0.01–124.86

Table 3.5– Mean (SE) end height, width, and depth for all wound types for all sampled trees.
Wound Type

n

Seam
Bark Slough/Multiple Seams
Catface
Oval
Basal/Flutes
All types

801
667
667
177
33
2345

End HeightA
(in)
30.41 (0.71)
24.40 (0.69)
26.49 (0.69)
29.47 (1.51)
19.76 (1.65)
27.36 (0.39)

WidthB
(in)
4.95 (0.15)
15.42 (0.3)
16.03 (0.34)
8.27 (0.34)
9.80 (1.00)
11.40 (0.18)

DepthC
(in)
0.53 (0.01)
0.69 (0.03)
3.68 (0.14)
2.22 (0.24)
2.02 (0.26)
1.62 (0.05)

A- End height is the height to the top of the defect from the top of leaf litter on the upslope side of the tree
B- Width is the maximum measured width of the defect.
C- Depth is the maximum measured depth of the defect.
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Table 3.6 –Number of merchantable trees inventoried for each combination of grade with
and without fire damage.
Grade without Fire Damage
Grade with Fire Damage
1
2
3
4

1
2135
28
13
14

2
823
21
8

3
344
11

4
129

60

Table 3.7– Mean (SE) relative percent stand volume lost calculated
based on merchantable tree volume by burn class (F19,34 =1.125,
p=0.3715)
Burn Class
0
1
2
3
4

North & East
4.43 (1.44)
6.64 (1.23)
1.99 (1.06)
3.82 (1.03)
4.78 (1.29)

Aspect
South & West
4.58 (1.83)
5.06 (2.10)
5.61 (1.24)
5.43 (2.27)
11.27 (3.34)

Combined
4.51 (1.10)
5.85 (1.17)
3.80 (0.95)
4.49 (1.09)
8.02 (2.00)

61

Table 3.8– Mean, standard error (SE), and range of percent of trees per acre
that changed grade due to prescribed fire damage. (Burn classes 1,2,3,4+).
Mean %

SE (%)

Range (%)

All tree species

3.29

0.67

0-18.88

Merchantable trees

3.35

0.68

0-18.28

White oak only

1.76

0.49

0-13.58
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Table 3.9– Mean (SE) of proportion of trees per acre that changed grade due to prescribed
fire damage for all species (F9,44 =4.527, p<0.001), white oak trees only (F4,49 =2.906, p=0.031)
and merchantable trees only (F4,49 =4.553, p=0.003). Letters indicate significant differences
(alpha = 0.05) between levels within each species group in analysis of variance.
Burn Class

All species

Merchantable Species

White oaks

0

0.00 (0.00) a

0.00 (0.00) a

0.00 (0.00) a

1

1.41 (0.41) a

1.35 (0.47) a

0.77 (0.41) ab

2

2.55 (0.82) a

2.84 (0.96) ab

0.55 (0.55) ab

3

2.62 (1.12) a

2.66 (1.12) ab

2.22 (1.12) ab

4

6.88 (2.13) b

6.79 (2.08) b

3.66 (1.36) b
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Figure 3.1–Inventoried study sites in the Hoosier National Forest.
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Figure 3.2 – Average Percentage and Standard Error of Trees Per Acre (TPA) wounded by
burn class for all species combined (F4,49 =6.372, p<0.001).
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Figure 3.3– Average Percentage and Standard Error of Trees Per Acre (TPA) wounded by
burn class for merchantable trees (F4,49 =6.008, p<0.001).
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Percentage of White Oak TPA wounded by Burn Class
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Figure 3.4– Average Percentage and Standard Error of Trees Per Acre (TPA) wounded by
burn class for white oak trees (F4,49 =5.799, p<0.001).
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Relative Percent of Stand Volume Lost (1st Log)
Percent volume lost from Butt log
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Figure 3.5– Average relative percent stand volume lost from Butt log (1st 16 foot) by burn
class and aspect for all species (F9,44 =5.404, p<0.001).
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CONCLUSIONS, IMPLICATIONS, AND
RECOMMENDATIONS FOR FUTURE RESEARCH

There are suites of environmental, social, and economic factors that limit both prescribed
fire implementation and its success in meeting management objectives in oak forests. This thesis
was inspired to address a pervasive social concern that limits the use of prescribed fire:
considerable deductions in timber quality and volume. This is an important concern to
investigate as profits from harvesting can be used to offset management costs and provide
income for landowners who are making financial management decisions.
In Chapter 2, I introduced a long-term study that will monitor tree quality and fire scar
formation from inception to final harvest across multiple prescribed fires on 20 stands in central
and southern Indiana. The long-term data collected from this study will be incredibly powerful
in relating prescribed fire behavior and scarring on overstory trees to deductions in timber
volume and quality. The data presented, however, was only short term (two years) trends after
the first prescribed fire of the study, which limited the inferences that could be made. At this
point in the study, we had no replicates of the stand aspects, uneven and limited sample sizes of
each species group, and I was unable to incorporate temperature duration on the stem to bark
damage as many of the thermocouples failed to record properly during the first fire of the study.
These issues will be addressed as the study progresses; more stands and witness trees will be
inventoried and thermocouple data can be used to connect external temperatures to cambium
death.
However, the short-term analysis of this study provided useful data and insight. We
observed how a fire on two adjoining stands could have different behavior throughout and
monitor the patchy nature of fuel consumption. The pyrometer data provided a temperature
threshold for which randomly selected overstory trees were statistically more likely than not to
sustain fire damage. These pyrometers can be implemented by land managers to monitor their
fires, as they are relatively cheap and easy to deploy, particularly when compared to the
thermocouples. However, temperature is only one component of the story. Temperature duration
is very important in these studies, as lower temperatures sustained for long periods can be more
damaging than high temperatures at short intervals and more cell death is seen with longer
temperature duration of mortality inducing temperatures (Hare, 1961; Vines, 1968; Dickinson
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and Johnson 2004). The thermocouple data will capture duration of temperatures and broaden
our understanding of its connection to fire scar formation. Future research should incorporate
thermocouples when possible, despite their added cost and effort to deploy.
The damage in this study was mostly bark discoloration, with very few new wounds
observed; this suggests that either more time is needed for external wounds to be visible or the
cambium layer was not killed for many of the overstory trees during the fire. These results also
indicate that a fire prescribed shortly before harvest would have minimal impact on timber
volume from overstory trees. Other studies should wait until wounds are fully formed, perhaps a
third growing season, before intensely surveying for deductions to stand volume and value to
best utilize resource efforts (e.g., time in the field, funding for data collection). I noticed, but did
not measure, in both studies how fuel accumulations and changes in weather patterns could lead
to wound formations on all sides of the bole (Smith and Sutherland 1999), not just the uphill side
where wounds usually occur (Gutsell and Johnson, 1995). Future studies should incorporate
measurements of fuels at the base of trees and connect this to temperature duration and wound
formation.
In Chapter 3, I utilized 24 years of prescribed fire history in the Hoosier National Forest
to understand how multiple prescribed fires and aspect influence the proportion of trees wounded
by fire, timber volume, and tree quality. The results of my research will be useful as we
determine the number of prescribed fires necessary to meet other management goals through
more ecological research. The current knowledge is that multiple prescribed fires are necessary
for advanced oak regeneration and recruitment to the canopy but future research will refine the
exact number of prescribed fires and the fire interval needed to meet these goals. These findings
can then be related to my study on the relative stand volume lost to prescribed fire damage and
percentage of trees per acre that change grade to create a holistic understanding of the prescribed
fires’ silvicultural impact. However, the sites I studied were generally high quality, which may
imply superior conditions for these trees to heal quickly and effectively after a fire. The same
study in another forest could have drastically different results, particularly if sites are poor
quality. Overall, my results suggest a balance to meeting restoration goals with minimal
overstory tree volume and value losses.
This study was both limited and advanced in separate ways by only viewing the fire
wounds externally. Without viewing the lumber recovered from these trees, we cannot fully
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estimate changes to volume and value. Previous studies have found external indicators to be
useful estimates of loss (Loomis, 1974; Marschall et al., 2014). By not destructively sampling
trees, we were able to measure over 3600 trees and ascertain stand level effects. Previous studies
have investigated individual tree’s responses to fire during lumber recovery; it would have
implausible and irresponsible to harvest that many trees for this study. Our stand assessment is
useful to managers, particularly the balance of high losses from some trees with minimal loss in
others. We also do not fully know how these fire scars will affect veneer production, a highly
valued timber product. For example, staining underneath a fire scar will likely impact veneer
production more than lumber production. Future lumber recovery studies, particularly the one
presented in chapter 2, should mill trees both as lumber and as veneer.
This study also focused on white oak stands for their environmental and economic
importance in Indiana. Future studies should incorporate a greater presence of other oak species
to understand fire impacts across the spectrum of shade and drought tolerance of oaks. This study
intended to infer more about the impact of scar residency time (the length of time since the first
prescribed fire) on stand responses but unfortunately, this was not possible to stratify with the
available stands with prescribed fire history in the Hoosier National Forest. Several stands were
burnt in the early 1990s and then not again until 2012 or after. Future studies on fire damage to
overstory trees should incorporate scar residency time when at all possible.
The goals of prescribed fire should be considered within research, as prescriptions and
fire behavior will change accordingly. Most of the fires in my study were for dry forest
restoration; to reduce stems of mesic species and promote oak regeneration. Some fires,
however, were for barrens restoration in the Boone Creek and Clover Lick watersheds, which
had the goal of reducing stocking of overstory trees to increase light to the forest floor. Many
studies conducted on prescribed fire effects on timber in the Missouri Ozarks have been for oak
woodland restoration, which would have higher intensity prescriptions than most of the fires in
the Hoosier. Additionally, seasonality of fire should be incorporated as it influences fire
behavior (Pyne, 1996) and damage to overstory trees (Brose and Van Lear, 1999). Prescribed fire
goals and seasonality of fire should be explanatory factors when possible.
This research focused on stands with harvestable sized trees (>10 inch), as the
appropriate time for silvicultural prescription of fire is when stands are mature and nearing
harvest (Dey and Schweitzer, 2015). My results strengthen the argument that fire used in
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conjunction with shelterwood harvests can maximize desired ecological responses while
minimizing impact to overstory trees (Dey and Schweitzer, 2015). Caution, however, should be
used when conducting fire after a midstory removal as slash near boles can be very damaging to
overstory trees (Brose and Van Lear, 1999).
Many questions remain about the uses and effects of prescribed fire across eastern North
America. More social research should be conducted on barriers to use of prescribed fire on
private lands. What are the key barriers that limit use of prescribed fire on private lands (e.g.,.
cost, planning effort, and limited knowledge)? Are local ordinances prohibitive of prescribed
fire? How will prescribed fire effect veneer production? What happens when fire escapes to a
neighbor’s property? Extension efforts should continue to educate landowners on oak
regeneration issues, benefits of prescribed fire, and the research conducted on prescribed fire
effects. Ultimately, it is up to the landowner to decide what economic tradeoffs are worth the
potential for ecosystem benefits within management decisions, particularly fire. It is my hope
that this work provides sound evidence for the stand level implications of prescribed fire to
provide reasonable expectations to land owners and managers of oak forests.
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APPENDIX A. PICTURES OF BARK DISCOLORATION AND WOUND
TYPES DESCRIBED IN CHAPTERS 2 AND 3

Figure A1. Two types of bark discoloration on a 25.1 inch diameter at
breast height (DBH) Tulip-Poplar (Lirodendron tulipifera), two years after
prescribed fire in U3-12 on the Hardwood Ecosystem Experiment. Burn
can be seen below pen, where burn describes bark entirely blackened even
within the bottom of bark fissures, and at least partially consumed on the
tops and edges of ridges. Char can be seen above the pen, where char is
blackened bark without significantly reduced ridges, with sharp edges
intact, and fissure bottoms lightly browned or not discolored.
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Figure A2. Scorch on a 14.6 inch DBH black oak (Quercus velutina) tree
two years after prescribed fire in U3-12 on the Hardwood Ecosystem
Experiment. Scorch is bark with ridges browned or incompletely
blackened, discontinuous pitting of bark ridges, and non-blackened
fissures.
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Figure A3. Burn with decay fungus on a 13.1 inch DBH red maple (Acer rubrum)
tree two years after prescribed fire in U3-12 on the Hardwood Ecosystem
Experiment. Note: the stump sprouts were inventoried prior to prescribed fire.
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Figure A4. Bark Slough on a 21.7 inch DBH white oak (Quercus
alba) tree two years after prescribed fire in U3-12 on the Hardwood
Ecosystem Experiment. Bark slough is dead bark disconnected from
the bole of the tree. Notice the cracks in the bark that denote the bark
is disconnected from the bole of the tree.
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Figure A5. Multiple seams on a 22.2 in DBH white oak tree two years after prescribed
fire in U3-12 on the Hardwood Ecosystem Experiment. Seams are a separation of
fibers. After the cambium is killed, trees produce thickened woodwound ribs. These
seams are “closed” as the woundwood ribs are touching. Bark discoloration is seen
around the seams.
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Figure A6. Multiple seams on a white oak tree within a stand with 4+ fires in the last 24 years in
the Hoosier National Forest. These seams are also closed as the woundwood ribs are touching.
Wound depth can only be estimated.

79

Figure A7. Catface on a white oak tree within a stand with 4+
fires in the last 24 years in the Hoosier National Forest. Note
the roughly triangular shape, and distinct woundwood ribs
following injury. This wound is “open” as the woundwood ribs
are not touching. This would has a measurable depth with
decaying wood inside.

80

Figure A8. Oval on a white oak tree within a stand with 4+ fires
in the last 24 years in the Hoosier National Forest. Note the
roughly oval shape and distinct woundwood rib visible on the
right side, measureable depth with some additional decaying
wood inside, and presence of slash near place of injury.

APPENDIX B. STUDY SITES WITHIN THE HOOSIER NATIONAL FOREST

Stand ID
Burn
Unit

1

2

Birdseye

Birdseye

UTM
X1

529250

529076

528930
3

4

5

UTM
Y1

4240583

4241379

4240377

Aspect

S

S

S

Dominate
Overstory
Species2

MUH

MO

MUH

Stand Volumes
(International ¼ bd
ft)

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)
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1997,
1999,
2003,
2010

84

54

16.9

6052

14273

11.4

17.7

50

1997,
1999,
2003,
2010

92

54

17.6

6817

15959

5.3

7.6

55

1997,
1999,
2003,
2010

93

56

17.5

7327

17481

7.4

8.0

61

2003,
2011,
2014

79

66

14.8

6958

15651

4.0

6.5

61

2003,
2011,
2014

95

56

17.6

6176

14252

4.8

2.1
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Quadratic
Mean
Diameter
(inch)3

Birdseye

Boone
Creek

Boone
Creek

545220

544576

4220996

4221631

N

N

WO

WO
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Stand ID
Burn
Unit

6

7

8

9

10

11

12

Boone
Creek

Bull
Hollow

Bull
Hollow

Bull
Hollow

Bull
Hollow

Bull
Hollow

Bull
Hollow

UTM
X1

545341

540383

540383

540383

540054

541452

541044

UTM
Y1

4221261

4212931

4212931

4212931

4213456

4212799

4213149

Aspect

N

N

N

S

S

N

N

Dominate
Overstory
Species2

WO

WO

WO

WO

BOSOH

WO

MO

Stand Volumes
(International ¼ bd
ft)

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

61

2003,
2011,
2014

103

78

15.5

8114

18582

1.9

3.8

62

1993,
2012,
2016

77

61

15.2

7804

18002

0.2

7.3

62

1993,
2012,
2016

88

58

16.7

7302

16379

1.4

0.6

62

1993,
2012,
2016

99

56

18.0

5609

9828

0.6

6.1

62

1993,
2012,
2016

88

77

14.5

7337

16204

2.3

1.0

66

1993,
2012,
2016

80

57

16.0

6290

14154

1.8

5.6

62

1993,
2012,
2016
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Quadratic
Mean
Diameter
(inch)3

0.9
93

63

16.5

5997

10823

1.6

82
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13

14

15

16

17

Bull
Hollow

Bull
Hollow

Clover
Lick

Clover
Lick

Clover
Lick

539701

539701

540493

540609

546393

568696

UTM
Y1

4213267

4213267

4213681

4211569

4220203

4317245

Aspect

S

S

S

N

S

N

Dominate
Overstory
Species2

WO

WO

BOSOH

WO

WO

WO

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

65

1993,
2012,
2016

113

58

19.0

6189

14259

0.7

6.8

65

1993,
2012,
2016

104

70

16.5

7287

14470

0.6

0.3

64

1993,
2012,
2016

81

62

15.5

6230

13448

0.8

12.9

73

1993,
1998,
2005,
2006,
2012

76

57

15.6

6062

12648

4.3

2.2

68

1993,
1998,
2005,
2006,
2012

73

63

14.6

7231

17005

0.5

63

1993,
1998,
2005,
2006,
2012

79

53

16.5

5349

10974

3.6
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Quadratic
Mean
Diameter
(inch)3

2.7

1.8

83

18

Bull
Hollow

UTM
X1

Stand Volumes
(International ¼ bd
ft)

Stand ID
Burn
Unit

19

20

21

Clover
Lick

Clover
Lick

Clover
Lick

Clover
Lick

23

Control

24

Control

25

Control

541658

540855

539592

UTM
Y1

4212205

4211963

4211799

Aspect

N

N

S

Dominate
Overstory
Species2

WO

WO

WO

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

60

1993,
1998,
2005,
2006,
2012

91

61

16.6

6954

14760

3.7

7.0

67

1993,
1998,
2005,
2006,
2012

92

77

14.8

7895

14415

4.7

8.3

68

1993,
1998,
2005,
2006,
2012

105

54

19.0

6568

14449

16.0

20.4

81

43

18.7

5488

12553

0.3

Trees
Per
Acre3

Quadratic
Mean
Diameter
(inch)3

541505

4211449

N

WO

60

1993,
1998,
2005,
2006,
2012

4.6

547320

4220887

N

WO

59

-

85

58

16.4

5596

12207

0.6

4.3

537404

4215552

S

WO

62

-

95

72

15.5

7876

18048

0.1

7.2

544316

4227412

N

WO

62

-

79

45

18.0

5582

14591

0.2

9.3

84

22

UTM
X1

Stand Volumes
(International ¼ bd
ft)

Stand ID
Burn
Unit

Stand Volumes
(International ¼ bd
ft)

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Aspect

Dominate
Overstory
Species2

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

4323923

N

WO

65

-

76

66

14.5

6755

14893

0.5

1.2

540963

4212301

S

WO

63

-

103

58

18.0

5498

12254

1.0

10.2

556386

4324143

S

WO

66

-

75

89

12.4

6630

12978

0.0

0.0

534060

4206379

S

WO

62

-

92

55

17.6

6370

14783

0.0

2.2

539222

4210615

N

WO

67

-

84

64

15.6

6536

14610

0.0

5.3

547106

4221513

N

WO

59

-

117

68

17.8

6729

13161

0.0

2.0

534860

4205304

S

MO

62

-

91

46

19.0

5519

12120

0.4

3.3

538585

4212893

N

WO

66

2009

89

51

18.0

7258

18264

1.4

3.4

UTM
X1

UTM
Y1

555171
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Quadratic
Mean
Diameter
(inch)3

26

Control

27

Control

28

Control

29

Control

30

Control

31

Control

32

Control

33

Diamond

34

Fork
Ridge

569184

4317237

N

MO

73

2010,
2012

109

68

17.2

6919

15264

1.9

0.1

35

Fork
Ridge

540439

4211978

N

MO

73

2010,
2012

95

49

18.9

7093

20613

0.0

1.3

536559

4204345

S

MUH

85

2011,
2015

116

54

19.9

5777

11001

4.8

536066

4205067

S

YPWONRO

54

2011,
2015

93

66

16.1

6656

15014

2.4

4.3

535117

4213654

S

YPWONRO

68

2006,
2009

91

42

19.9

6135

16701

1.9

3. 6

36

Krausch
Krausch

38

Long
Run

85

37

8.1

Stand ID
Burn
Unit
39

40
41

Long
Run
Mogan
Ridge
West
Ogala

42

Ogala

43

Riceville

44

Riceville

45

Riceville
Rock
House
Rock
House

46
47
48
49

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Aspect

Dominate
Overstory
Species2

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

4212786

N

YPWONRO

64

2006,
2009

103

69

16.5

6932

15205

0.0

0.0

536588

4213769

N

MO

64

1994,
2009

88

32

22.5

5893

16168

0.7

0.2

577642

4325249

N

WO

70

2009,
2013

96

88

14.2

8599

21819

0.2

4.0

577754

4324950

N

BOSOH

62

2009,
2013

97

59

17.4

6280

13887

2.1

6.3

530620

4240609

S

WO

42

2010

95

78

14.9

7763

17566

0.3

12.2

529701

4240510

S

WO

54

2010

73

71

13.8

6361

14050

0.6

6.8

530066

4240603

S

WO

44

2010

73

73

13.6

9094

19510

1.3

1.8

536575

4212087

S

BOSOH

57

2010

83

50

17.3

6598

15883

0.8

0.3

537549

4212635

S

WO

64

2010

73

49

16.7

7424

18867

4.3

4.2

539490

4211312

S

WO

66

1993,
2013

89

73

15.0

6204

11005

2.2

539574

4211457

S

WO

60

1993,
2013

83

69

14.8

7973

16630

0.2

9.1

539516

4211139

S

WO

60

1993,
2013

81

58

16.0

6614

14760

1.5

7.4

UTM
X1

UTM
Y1

534958

Trees
Per
Acre3

Quadratic
Mean
Diameter
(inch)3

1.3

Tally
Tally

86

50

Tally

Stand Volumes
(International ¼ bd
ft)

Stand ID
Burn
Unit

1.

51

Wolf

52

Wolf

53

Wolf

Stand Volumes
(International ¼ bd
ft)

Volume Loss to
Wounds (%)

Butt
Log
(16’)

Merchantable

Butt
Log
(16’)

Merchantable

Aspect

Dominate
Overstory
Species2

Site
Index

Years of
Prescribed
Fire

Stand
Basal
Area
(ft2ac1 3
)

4325035

N

YPWONRO

70

2013

81

50

17.3

5716

14387

0.8

5.2

555777

4324445

N

MUH

65

2013

96

66

16.3

6568

15766

0.9

7.2

555426

4324930

N

YPWONRO

73

2013

107

91

14.7

7938

19101

1.3

6.6

97

64

16.7

6685

13798

6.1

10.8

UTM
X1

UTM
Y1

555602

555831 4325307
N
MUH
65
2013
54
Wolf
Coordinates for North American Datum 1983 Universal Transverse Mercator Zone 16N.

Trees
Per
Acre3

Quadratic
Mean
Diameter
(inch)3

2.

MUH= Mixed Upland hardwoods; MO= Mixed Oaks; WO= White Oak; BOSOH= Black Oak/Scarlet Oak/ Hickory; YPWONRO = Yellow poplar/white oak/northern
red oak

3.

Calculated for trees greater than 10 inch at Diameter at Breast Height.
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